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Abstract
Understanding blood vessel formation has become a principal, yet challenging,
objective of bioengineering over the last decade. Unraveling the complex mechanisms of
angiogenesis could lead to the development of pro or anti-angiogenic treatments for
diseases like heart disease and cancer, as well as to the development of viable scaffolds
for tissue engineering and biosensors.
In pursuit of an optimal in vitro model to study angiogenesis, the aim of this thesis
is to design and fabricate a microscale bioreactor to study the effect of shear stress on
angiogenesis using a microfabricated substrate, a self-assembling peptide gel, and bovine
aortic endothelial cells. A theoretical model was developed to approximate the
permeability of the peptide gel and to quantify the average shear stress on an endothelial
cell seeded in a 3D matrix of the peptide gel. Experimental results in a macroscale
system demonstrate endothelial cell lumen formation and elongation in the direction of
interstitial flow in response to physiological levels of shear stress ~ 10 dynes/cm 2, as well
as increased cell viability; negligible shear control samples demonstrate no lumen
formations and lower cell density.
In order to gain more insight on the complex mechanisms of angiogenesis, the
proposed microscale device closely mimics in vivo conditions and allows for real time
imaging and monitoring of endothelial cell migration and network formation. The device
has the potential to investigate the synergistic effects of mechanical and biological
factors, including varying levels of shear stress and the delivery of chemoattractants or
angiogenic factors. The experimental setup incorporated optimizing the geometry of the
microfluidic channels, the protocols for cell imaging, and the techniques for forming
peptide gel in the device. The results of experiments with the peptide gel and endothelial
cells in the device exhibit promising scaffolds for regions of 3D cell culture under
interstitial flow.
Thesis Co-Supervisor: Roger D. Kamm
Title: Professor of Mechanical Engineering and Biological Engineering
Thesis Co-Supervisor: Jeffrey T. Borenstein
Title: Director of Center for Biomedical Engineering, The Charles Stark Draper Lab
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1. Introduction
1.1. Background
1.1.1. Tissue Engineering
Tissue engineering is the construction, repair, or replacement of damaged or
diseased tissue [1]. The development of this field is spurred by the staggering numbers of
patients that suffer from tissue loss or end-stage organ failure every year. The goal of
tissue engineering is to merge the technologies of biology and engineering to deliver
viable treatment options for patients diagnosed with dehabilitating or life-threatening
conditions, like cardiovascular disease which is the leading cause of morbidity and
mortality in industrialized countries around the world [2]. Recent advances in cellular
and molecular biology, biomaterials, and the integration of biology and materials to
deliver viable cells in a compatible structure have resulted in many rapid advances in
tissue engineering [3].
One of the major challenges facing the tissue engineering field is the research and
development of treatments that can reach a widespread number of patients. There are
two approaches to tissue engineering research models: in vivo systems and in vitro
systems. In vivo models are the most accurate at representing cellular behavior in a
natural biological environment; however, in vivo models are often animal-based studies,
which can be costly as well as hard to engineer. A large number of variables exist in
animal studies that may difficult to control and/or quantify, so these models may not
amenable for studies at the level of individual cellular behavior. In vitro models present a
more methodical approach for biological studies of complex cellular responses on the
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microscale. The aim of in vitro models is to recreate the in vivo microenvironment by
regulating physiological factors, such as nutrients and growth factors and mechanical
factors, such as flow or cyclic conditioning. The development of in vitro models, such as
bioreactors has proved a valuable system for studying the complex mechanisms of many
cellular processes. Additionally, in vitro models have expanded to include the design and
development of biological scaffolds that are optimal for tissue engineering applications.
On a structural level, the primary function of a tissue engineering scaffold is to
provide a supportive framework for seeding and culturing cells, however, a scaffold has
the potential to serve functions at both the biological and mechanical level. Scaffolds can
be made up of natural materials, synthetically designed materials, or even a combination
of both. Natural materials from the body, such as collagen are an appealing choice. In
addition to their immunogenic desirability, these materials already contain information or
cues, such as certain amino acid sequences, which facilitate cell attachment or
maintenance of differentiated function [1]. One drawback to the selection of natural
materials for scaffolds is that their mechanical properties are poorly defined and in
addition, there are batch-to-batch variations and scale-up difficulties [4]. In order to
design an optimal scaffold, research efforts have focused on fabricating synthetic
biomaterials. By design, these biomaterials allow precise control over properties such as
molecular weight, degradation time, hydrophobicity, mechanical stiffness, and cellular
cues.
Many biomaterials have been considered for use as biological scaffolds, including
collagen gels, fibrin gels, and Matrigel, but most fall short of meeting all the necessary
specifications. These criteria include 1) lack of cytotoxicity; 2) minimal
16
immunogenicity; 3) controlled and predictable biodegradation rate; 4) chemical
compatibility with physiological conditions; 5) simple and scalable production; 6) ability
of the materials properties to be modified. In particular, current scaffolds for vasculature
experiments, such as Matrigel or collagen require the addition of external angiogenic
factors for network formation and cell survival [5]. In particular to cardiovascular tissue
engineering, one of the key properties of a biological scaffold is to promote angiogenesis
and tissue revascularization [4].
Once a tissue engineered construct is successfully grown in vitro, it must be
transplanted into the patient and incorporated into the existing vascular network and
organ system. Understanding the complexity of the microvasculature and underlying
tissues is a continued challenge for tissue engineering researchers, both at the
fundamental level of capillary network formation and at the systematic level of cardiac
heart failure. Research on the genomic and mechanical properties of endothelial cells,
which line all the blood vessels in the body, has provided intriguing clues about the
structure and function of the cardiovascular system on a cellular level. In order to design
organ specific tissue replacements, studies at the cellular level and experimental models
that enable these discoveries will be an important part of advances in tissue engineering
research.
1.1.2. Angiogenesis
The first step to engineering new or replacement tissue is understanding the
formation and structure of the microvasculature, which is the backbone of all tissues.
Capillaries are the smallest branches of the vascular tree and are the sites of oxygen and
carbon dioxide exchange between the blood and underlying tissue. The extensiveness of
17
these branches is indicated by the fact that all tissue cells are located within a distance of
only 60-80 [tm of a capillary. A typical capillary bed is depicted in Figure 1.1.
Metarteriole f Preferential channel
Arteriale Precapillary
sphincter
e-.%%,,True copillaries'
Venule
Figure 1.1. Diagram of capillary bed [6]
Unlike the vessels of the arterial and venous systems, the walls of capillaries are very thin
and are composed of only one cell layer-a simple squamous epithelium called the
endothelium. Capillaries are so small that red blood cells can only pass through in single
file. The average capillary diameter measures 5 - 10 gm and the average length is 1mm.
Figure 1.2 is a cross-sectional view the structure of a typical capillary, however,
depending on the location in the vascular tree, the structure of the endothelium will differ.
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Figure 1.2. Typical capillary structure
Angiogenesis is the formation or "sprouting" of new capillaries by migration and
proliferation of endothelial cells. Angiogenesis plays a critical role in organ development
and differentiation during embryogenesis and in adults as a part of physiological
processes like wound healing [7]. In addition, deregulated angiogenesis has been
implicated in the pathogenesis of numerous diseases including vascular retinopathies,
rheumatoid arthritis, and cancer [8]. Therefore, understanding blood vessel formation has
become a principal, yet challenging, objective of bioengineering over the last decade.
Unraveling the mechanisms of angiogenesis would offer therapeutic options to ameliorate
or perhaps even cure disorders like heart disease and cancer that are leading causes of
mortality as well as spur the development of viable scaffolds for tissue engineering and
biosensors [9].
Angiogenesis is a series of complex steps. First, endothelial cells loosen their
intercellular junctions and begin degradation of the surrounding pericellular matrix.
After a path has been cleared, proliferating endothelial cells migrate toward the source of
the angiogenic stimulus, resulting in the formation of sprouts and lumen. Once the
19
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Endothelial
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Liunen
sprouts join to form capillary-like structures, endothelial cells arrest proliferation,
synthesize a new basement membrane, and stabilize [9].
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Figure 1.3. Processes of blood vessel growth [9]
The growth of new capillaries is tightly controlled by an interplay of growth
regulatory proteins, which either act to stimulate or inhibit blood vessel growth [10]. In
particular, vascular endothelial growth factor (VEGF) has been identified as an essential
regulator in early vasculature development [11].
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Figure 1.4. Mechanisms of angiogenesi  [9]
Furthermore, external factors, such as the extracellular matrix, shear stress, and hypoxia
have been shown play key angiogenic roles [9, 12, 13].
1.1.3. In vitro Cell Culture Models
The World Technology Panel Report 2002 identified a number of emerging
technologies, which will be critical for developing tissue-engineering treatments.
Specifically, bioreactor design and the development of novel systems for the expansion
of a variety of cell types and sources, both in 2D and 3D culture were highlighted [14].
In vitro bioreactors have been developed for studies many types of cells, such as
hepatoctyes, osteoblasts, and fibroblasts [15-17].
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The development of in vitro models is an active and promising approach for
identifying factors involved in angiogenesis [18-22]. In vitro angiogenesis models
recapitulate in vivo processes in several capacities. In vitro models mimic in vivo
architecture as well reproduce cell differentiation, proliferation, migration and the
network formation steps of angiogenesis. The results of in vitro studies can be
characterized in terms of morphological responses, such as cell shape and orientation as
well as functional responses, such as cell-cell signaling and migration.
The most recent in vitro studies of angiogenesis have focused on two-dimensional
(2D) and three-dimensional (3D) models. Selecting the appropriate experimental model
for angiogenesis is important because studies have shown that cell behavior in 3D
cultures is completely different from behavior 2D cultures [23].
Two-dimensional model for cell cultures are older, simpler, and thus better
characterized than 3D models. A typical 2D system consists of a monolayer of
endothelial cells on the surface of a culture plate [20, 24-26] or on the surface of a gel
[27-29]. Matrigel has been the most successful 2D substrate because of its
reproducibility and consistency; however, researchers have experimented with a variety
of substrate materials including gelatin, fibronectin, collagen, and amnionic membrane
[30].
2D systems are considered effective for characterizing the less complex aspects of
angiogenesis, such as the role of the extracellular matrix (ECM) in vascular
morphogenesis and intussusceptive sprouting [30]. While these models replicate the
endothelial monolayer in vivo and the attachment to the basement membrane, once the
angiogenic process begins in vivo, the basement membrane degrades and the endothelial
22
cells migrate into the ECM, introducing a third dimension that 2D monolayer models
lack. This information suggests the results of 2D models of angiogenesis are inadequate
and possibly misleading.
3D configurations are more sophisticated than 2D systems and allow for better
assessment of the complex mechanisms of angiogenesis, such as cell migration, cell
proliferation and apoptosis [21, 31], the role of cytokines (Pepper et al, 1994), the
diffusion of soluble factors [19], the role of cell adhesion molecules [32, 33], the
mechanisms of tubulogenesis [34, 35], and the mechanical forces exerted on the ECM
[36]. The chemotaxis of endothelial cells induced by the gradient of diffusion of oxygen,
nutrients, and soluble factors is also easier to investigate in a 3D model.
Endothelial cell response in large arteries and the atheroprotective effects of
physiological levels of shear stress have been studied extensively [37-39]. While the
results of these studies have significant implications for the pathogenesis of
arteriosclerosis [40], little work has focused on endothelial response in an interstitial
environment. While 3D models are more complex than 2D models, and thus more
difficult to control than a 2D system, they provide the most accurate model for emulating
the in vivo microenvironment. One important component of 3D systems for angiogenesis
studies is the scaffold selection because the mechanical and biochemical properties of the
scaffold can induce migration, sprouting, and proliferation [29]. In vitro 3D models are
of particular interest for angiogenic studies because the application of interstitial flow
through a matrix may allow for regulating cell behavior and/or directing capillary
network formation.
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1.2. Enabling Technologies
Recent advances in biomaterial design, soft lithography fabrication, and cellular
imaging are enabling new toolkit of technologies for building robust cell culture models.
1.2.1. Self-Assembling Oligopeptide
The failure of the current biological matrix materials to meet the specs for cardiac
tissue engineering limits their application for in vivo and in vitro studies [4]. For
example, fibrin gels are susceptible to endothelial cell proteases, and though collagen gels
are less susceptible, premature gel degradation is still a problem [41, 42]. Furthermore,
when these gels degrade, they may not degrade completely or their degradation products
may be toxic [4]. Another disadvantage is that it is difficult to quantify the material
properties of these naturally occurring materials because of the heterogeneities in the
microstructure.
A material with tunable properties, such as porosity, density, and elasticity would
allow researchers to optimize the material as a substrate for cell culture. For example,
altering pore size would be a desirable property because most traditional scaffolds have
larger pores than what cells normally encounter in vivo. Also, the high density of most
matrix materials results in a decreased supply of oxygen in the center of the construct.
Furthermore, traditional matrices are stiffer than the ECM, which may interfere with
tissue contraction following implantation or intracellular signaling through stress
transmission by the surrounding matrix.
A novel class of biomaterials, self-assembling ogliopeptides, have been identified
as a promising scaffold for investigating in vitro cell behavior [43-45]. After exposure to
physiological media or salt solutions, the ogliopeptides self-assemble into complementary
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strands of alternating ionic hydrophilic and hydrophobic amino acids that form hydrogel-
like matrices [43, 46]. It is possible to vary three aspects of the amino acid sequence of
these peptides, the hydrophobic side chains, the charged side chains, and the number of
repeats.
The amino acids, sequence, and molecular structure for RADA16-II, one of the
peptides of interest for angiogenesis experiments is shown in Figure 1.5. The sequence
'RADA' refers to the side chains of the amino acids that make up the peptide: Arginine
(R), positively charged and hydrophilic; Alanaine (A), non-polar and hydrophobic; and
Aspartic acid (D), negatively charged and hydrophilic. The number '16' refers to the
number of amino acids in the sequence of one peptide molecule. The Roman numeral II
refers to the order in which the sequence repeats: II denotes RARADADA whereas I
denotes RADARADA.
RADA16-II Amino Acids
o o 0
11 11 H2 N-CH-C-OHH2 N-CH-C-OH H2 N-CH-C-OH
CH3  CH2  CH2
C=O CH 2
Alanine (Ala, A) OH H 2
NiH
Aspartic acid (Asp, D) \2NNNH
RADA16-II Sequence Arginine (Arg, R)
CHC-R-A- -A-D-A--A- iR-A-R-A-D-A--A-CONH 2
RADA16-II Molecular Structure
1.2 nm
6.6 nm
Figure 1.5. Chemical and molecular structure of RADA16-II
(courtesy J. Park, Laboratory of Molecular Self-assembly, MIT)
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The oligopeptide matrix has several advantages over traditional scaffolds. The
peptide gel is easy to synthesize in large quantities, has a simple composition, and is not
cytotoxic [43]. In addition, the microstructure of the peptide gel (filaments 10-20 nm in
diameter and pore size 50-100 nm in linear dimension) closely resembles the structure of
the ECM [47].
Figure 1.6. SEM image of peptide gel [48]
In addition to these qualities, the complementary ionic bonds between glutamine and
lysine side chains lend the peptide gel stability in serum, preventing it from dissolving in
heat, in acidic or alkaline solutions, or in the presence of hydrochloride, SDS/urea, or
proteolytic enzymes [43]. The oligopeptide matrix can self-assemble in situ under
physiological conditions [49] and remains viscous even in the absence of salt [46], both
of which are desirable features for tissue engineering applications. The physical
properties, such as the mechanical stiffness, cell adhesion characteristics, and ease of
degradation, can be controlled by design over a wide range of parameters [44]. In
particular, the mechanical properties of the peptide gel have been studied, and it has been
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demonstrated that the mechanical stiffness can be controlled [50] by changing the length
of the amino acid sequence.
The self-assembled peptide supports the attachment, growth and differentiation of
cultured mammalian cells [44]. In particular to endothelial cells, preliminary studies
with the peptide matrix have shown an angiogenic response. Figure 1.7 is series of
fluorescent images from an experiment with bovine aortic endothelial cells cultured in 2D
on the surface of the peptide hydrogel.
Figure 1.7. Peptide gel promotes network formation
Human microvascular endothelialcells were initially seeded at a cell density of 10 5 cells/cm2
onto the peptide gel. Endothelial cell actin cytoskeleton was stained (red) and cell nuclei were
stained with DAPI (blue). Capillary-like structures are formed at 1, 6, and 9 hours, and cell
clusters are seen at 16 hours. (courtesy Daria Narmoneva)
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The first three panels demonstrate cells that were initially uniformly distributed
on the surface of the gel form capillary-like after hours 1, 6, and 9 in culture. However,
the network formations are not sustained and the lower right panel shows that by hour 16,
the endothelial cells have formed cluster-like structures that are 100-200 [tm in
dimension. One hypothesis is that because the cells were seeded in 2D, the network
formations did not have a supportive structural framework, so the endothelial cells
migrated into clusters, which are more stable structures. A possible solution for
maintaining network formations is seeding the endothelial cells in 2D and introducing
flow to promote migration into the gel, or initially seeding the cells in 3D in the gel.
Both scenarios introduce a variable that better mimics the microenvironment than the 2D
static study, and might produce a result that is more on par with sustained angiogenic
activity in vivo.
The self-assembling peptide provides a novel environment for the study of
angiogenesis and may lead to new discoveries. For example, other preliminary studies
have shown that endothelial cells in the peptide matrix express VEGF even in the absence
of external stimulation (A.1, Figure A.1.4). This behavior is not observed in other
scaffold materials, which suggests further experiments with the peptide may provide new
insight on endothelial cells and the angiogenic process.
1.2.2. Soft Lithography Microfluidics
Located at the interface between the bloodstream and the vessel wall, vascular
endothelial cells are constantly subjected to hemodynamic forces, including shear stress
and pressure [40]. In vitro studies of angiogenesis have shown shear stress influences a
variety of endothelial cell functions, including cell adhesion, gene regulation, and arterial
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remodeling [40]. For the past twenty years, the parallel-plate flow chamber has been the
primary method of observing the dynamic behavior of endothelial cells under shear stress
in vitro [5 1].
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Figure 1.8. Parallel-plate flow chamber [52]
Many of the first insights on endothelial cell behavior, such as alignment and
elongation in response to flow and varying degrees of shear stress were discovered using
these dynamic systems [53]. Macroscale systems, such as the device shown in Figure
1.8, are typically machined from traditional materials such as steel and offer little
flexibility for geometric variability. Furthermore, the machining techniques used to
fabricate these experimental flow devices cannot produce features on the length scale of
the microenvironment. Microfluidic devices have many advantages over macroscale
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devices, including reduced size of systems, faster speed of analysis, imaging clarity, and
portability [54].
In particular, soft lithography has proved a desirable technique for fabricating
substrates and microfluidic devices for cell culture. Soft lithography is an optimal
technique for fabricating in vitro experimental systems because the process offers the
ability to fabricate structures appropriate for microscale cellular environment, to control
the molecular structure of surfaces, and to pattern and manipulate cells. Soft-polymeric
systems are optimal for or the feature sizes used in biology, the microfabrication of
prototype patterns is convenient, inexpensive, and rapid [55].
1.3. Objective and Aims
Review of current angiogenic studies elucidates the need for an optimal in vitro
experimental system. Preliminary results show that endothelial cells form networks on
the oligopeptide matrix in static culture conditions, which makes the material an optimal
choice for an in vitro culture. However, these static cultures are missing an important
component of the in vivo environment: fluid forces. Because endothelial cells are able to
sense a variety of fluid mechanic conditions [56], the addition of flow to an in vitro
angiogenesis model will more closely emulate the in vivo microenvironment. Therefore,
it is proposed to examine what happens to endothelial cell ability to form networks when
subjected to a flow. Microfluidics offers a several desirable properties for an in vitro cell
culture model, such as length scale and precision control of features. Furthermore,
evidence that 3D cell cultures provide a better model for replicating angiogenesis, it is
desirable to study cells in a 3D construct.
30
The objective of this thesis is to develop and test a model for studying
angiogenesis using bovine aortic endothelial cells, a self-assembling peptide matrix, and
soft lithography microfabrication technology. This will be accomplished via two
experimental studies. Each study seeks to design and test an experimental system for re-
creating important aspects of the in vivo environment, specifically, the flow environment
and the microstructure of that environment in a 3D construct. The experimental systems
proposed allow for the systematic variation of both the flow/shear rate and the pressure
gradient across the scaffold. The result of these experiments can be compared with
previous observations of endothelial cell behavior in 2D and 3D models in other
substrates to determine the self-assembling peptide's angiogenic potential.
1.3.1. Specific Aim 1: Macroscale Bioreactor Studies
To modify and test a macroscale bioreactor for studying angiogenesis in a self-
assembling peptide matrix in response to physiological levels of shear stress (10
dynes/cm 2). This aim tested the hypothesis that endothelial cells exhibit angiogenic
behavior under flow in 3D that is different from endothelial behavior in static cultures,
such as lumen formation, elongation in the direction of flow, and increased cell viability.
Experimental protocols were developed and optimized for peptide gel preparation,
culture and staining of bovine aortic endothelial cells, and the modification and
implementation of a bioreactor flow system. A theoretical model was developed to
estimate the permeability of the peptide gel and to quantify the shear stress experienced
by endothelial cells embedded in the peptide gel. The experimental results were
characterized using fluorescent and confocal imaging. The results of this study served as
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the basis for the design of a new in vitro model: a microscale bioreactor specifically
engineering for angiogenesis studies.
1.3.2. Specific Aim 2: Design of Microscale Bioreactor
To design and fabricate an in vitro microscale bioreactor that serves as a substrate
for 2D and 3D seeding of cells in a biological matrix, delivers controlled flow of
biological fluids, and allows for real time imaging and monitoring of cell behavior. The
system has the capability to characterize cell behavior in any gel-based biomaterial in
response to varying experimental conditions under flow. The design criteria for the
microreactor were based on the mechanical properties of the peptide gel at varying
concentrations, such as permeability. Experimental results were obtained using flow
analysis and optical and fluorescent video imaging that demonstrated the peptide gel is a
viable scaffold in a microfluidic device. The result of this study was the design and
construction of a microfabricated device optimized for injecting gel-based biomaterials,
in particular the peptide gel.
1.3.3. Specific Aim 3: Validation of Microscale Bioreactor
To validate the microreactor system using a self-assembling peptide gel, collagen
gel, and bovine aortic endothelial cells. The system has the capability to characterize
angiogenesis in a self-assembling peptide matrix under varying experimental conditions,
including shear stress, pressure gradient, delivery of chemoattractants or angiogenic
factors such as vascular endothelial growth factor (VEGF) and angioproteins (AngI and
Ang2). This aim tested the hypothesis that a microfabricated flow system is a viable tool
for housing and culturing 3D vascularized scaffolds under controlled conditions. A
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system validation procedure was developed and optimized through experimentation,
which included flow protocols and cellular protocols for 3D imaging in the device.
Additionally, the experimental results are fluorescent images of gel and cells embedded
in the gel. The culmination of these experiments was a viable microfluidic device for
investigating the synergistic responses of endothelial cells to shear stress and chemical
factors in a 3D self-assembling peptide scaffold.
1.4. Summary
The thesis is organized into seven subsequent chapters. A macroscale bioreactor for
culturing hepatocytes was adapted for angiogenesis studies in the peptide gel under
physiological levels of shear stress (Chapter 2). The design and fabrication of a
microscale bioreactor was implemented to create an in vitro microenvironment suitable
for angiogenesis studies of migration and network formation. The geometry and flow
parameters were optimized to emulate the physiological microenvironment (Chapter 3).
In order to characterize the flow through the peptide gel, a theoretical model was
developed to calculate the permeability of the self-assembling peptide gel as a function of
the mass concentration. The shear stress acting cells embedded in 3D in the peptide gel
was quantified using a 2D model of flow in the arterial media (Chapter 4). The
experimental results included a theoretical and experimental estimate of the permeability
of peptide gel, fluorescent and confocal images of lumen formations from the
macroreactor experiments, and the development and validation of a new microscale
bioreactor to study and image angiogenesis in 3D (Chapter 5). Further developments in
fabricating soft lithography microfluidic devices for cell culture will integrate
micropatterning, microfluidic valves, and layering networks of channels. Additionally,
33
further characterization of the properties of the peptide gel, such as permeability,
stiffness, and biological modification will help to optimize the peptide gel for tissue
engineering applications (Chapter 6).
Novel aspects of this study include culturing endothelial cells in the self-assembling
peptide gel in 3D, demonstrating lumen formations in the peptide gel under shear flows,
and the design of a microscale device for culturing 3D vascular scaffolds of endothelial
cells and self-assembling peptide gel in real time. The results encourage further studies
of angiogenic behavior in the self-assembling peptide gel in a 3D microenvironment.
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2. Macroscale Bioreactor
2.1. Introduction
The first aim of this project was to investigate angiogenic activity in response to shear
stress in a 3D interstitial environment using bovine aortic endothelial cells, a self-
assembling peptide hydrogel scaffold, and a macroscale in vitro flow model. It is well
documented that endothelial cells are sensitive to the fluid environment [12, 56, 57], and
preliminary experimental results suggest the peptide gel promotes angiogenic activity in
the absence of external growth factors. Additionally, recent literature suggests that in
vitro 3D models are better than 2D in vitro models for studying the complex mechanisms
of angiogenesis. In order to engineer an optimal in vitro 3D model for culturing
endothelial cells in the self-assembling peptide gel under flow, a macroscale bioreactor
(Dr. Linda Griffith's Lab, MIT, Cambridge, MA).
2.2. Bioreactor Design
The bioreactor housing was made of stainless steel and measures ((D = 38 mm, height
= 21 mm). The bioreactor housing consists of a top and bottom chamber, each with a
pair of fluid inlet and outlet ports for cell culture medium delivery; one inlet-outlet pair is
at the surface of the gel construct, and the other is below the membrane that supports the
construct. The fluid ports are connected to small semi-circular channels ((D = 1 mm) that
deliver fluid to the surface of the cell culture region (D = 7.5 mm) where the peptide gel
and cells, or rather the peptide scaffold is located. The term, peptide scaffold is used to
refer to the peptide gel with cells seeded in 2D or 3D. A solid model of the bioreactor
was generated using SolidWorks model software (Solidworks Education Edition 2003-
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2004, SolidWorks Corporation, Concord, MA). The solid model detailing the location of
the cell culture region is shown in Figure 2.1.
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Figure 2.1. Solidmodel of bioreactor
The bioreactor was originally developed for culturing hepatocytes in a 3D
microenvironment [16], and design modifications were necessary to adapt the system for
flow experiments with cells embedded a biological matrix. The heart of the original
bioreactor design was a small silicon fabricated chip with tubules for culturing
hepatocytes, however, this chip was not amenable for studies with the peptide gel.
Therefore, a new structural component was designed to support the peptide gel scaffold
for flow experiments.
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Inlet flow
across gel
There were three major considerations in the design of a component for
supporting the peptide scaffold: permeability, biocompatibility, and the ability to be
removed intact from the device for imaging. A Millipore cell culture insert ((D = 30 mm,
pore size = 0.4 pm) was selected for seeding the cells and peptide gel, which is
commonly used as membrane in cell culture studies (#PICM 030 50, Fisher Scientific,
Suwanee, GA). The insert was constructed by using a biocompatible adhesive (Stycast
2850Ff & Catalyst 9, Emerson & Cumming, Canton, MA) to secure the membrane to a
custom machined stainless steel washer (Grade A-286 S.S.). The washer was machined
to fit inside of the macroreactor housing (7.5 mm ID x 8.5 mm OD) and was cut to a
thickness of 1 mm.
Two types of flow experiments are possible with the bioreactor. Cells can be seeded
in 2D, which means the cells are seeded as a monolayer on top of the gel (Figure 2.2), or
cells can be seeded in 3D, which means the cells are suspended in the peptide solution
and allowed to gel in the device (Figure 2.3).
Cover slip
SmtE
Stainless steel housing -
Inlet flow medium
Outlet flow medium
Perfusing medium
Peptide matrix
Endothelial cell
Cell culture membrane
Figure 2.2. Cross sectional view of 2D seeding experiment in bioreactor
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Figure 2.3. Cross sectional view of 3D experiment in bioreactor
2.3. Flow Properties
Several flow characteristics were considered in the design of angiogenesis
xperiments in the macroreactor. First, oxygen transport was analyzed to ensure cells
vould have a sufficient oxygen supply during an experiment. Second, a scaling analysis
f the diffusion time scale was computed to determine how long the peptide solution
ould take to gel. Finally, in order to quantify the shear stress acting on the endothelial
ells in the peptide matrix, a computational fluid dynamics (CFD) was implemented to
model the flow properties entering the cell culture region.
2.3.1. Oxygen Transport
Oxygen transport to the cells in the peptide gel was delivered by the top and
ottom chambers of the bioreactor, as well as by the perfusing flow through the scaffold.
n order to determine if oxygen transport was dominated by diffusion or convection the
ectl number was calculated
Pe = LU (2.1)
D
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V
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where L is the characteristic diffusion length, U is the average macroscopic velocity, and
D is the diffusivity of 02. The diffusion coefficient of oxygen in tissue at 37"C is 2 x 10-5
cm2 [16]. For the bioreactor, L = 7.5 mm and U = 10 pm/s, and Pe 0 (10). For
Pe>> 1, it can be assumed that diffusion can be neglected.
The necessary perfusion rate to supply oxygen to the endothelial cells at an
oxygen consumption rate, Q0, = 13.1 pM/min [58] was calculated using the following
equation:
q = Qo2  (2.2)C0
where Vce.ls is the volume of endothelial cells seeded in the peptide gel, Q0 is the oxygen
consumption rate of an endothelial cell, and Co is the oxygen concentration [16]. Based
on endothelial cell diameter of 10 pm and a cell seeding density of 5 million cells/mL in
the bioreactor, Q0, = 13.1 uM/min [58], and an oxygen concentration in bulk
approximately equal to the aterial plasma, Co = 0.13mM [59], the necessary perfusion
rate, q = 0.0002 pL/s. On comparison with the experimental perfusion rate for U = 10
pim/s, this will be a sufficient oxygen supply for the cells.
2.3.2. Diffusion Analysis
Once the peptide solution and cells are seeded in the bioreactor, peptide gel
formation is promoted by the introduction of a saline solution. The rate at which the
peptide solution will gel is dependent on the rate at which salt ions diffuse into the
peptide sample. A 1% weight peptide solution (10 mg/mL) is 99% water, so the
diffusion rate of the NaCl ions can be approximated by the diffusivity of NaCl ions in
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water. For a species with diffusivity D, the approximate diffusional length scale, delta is
given by
~ 2D (2.3)
where T,,ff is the diffusional time scale. Gelation will be promoted by a saline solution
(IX Phosphate buffered solution) and the diffusivity for a IM salt solution (DNaC = 1.483
x 10-5 cm 2 /s at NaCl concentration = 0.1M, at 25C) is estimated [60]. The length scale
that the NaCl ions must travel, h, will be equal to the height of the washer component that
the peptide and cells are placed in. Since the saline solution will be entering from both
the top and bottom of the sample, the diffusion length 6 is half the dimension of that
region.
=- (2.4)2
Substitution yields
Vdiff -6h (2.5)16D
For a desired peptide gel thickness in the macroreactor of 1.0 mm, the diffusion time of
the NaCl ions was estimated to be 10.5 seconds.
2.3.3. Shear Stress
The shear stress across the cell culture region was estimated by analyzing the flow
across the surface of the peptide gel. One of the advantages of using the referenced
bioreactor, it that a CFD model was previously developed to model the shear stress in the
bioreactor for given flow parameters [16]. The CFD model was solved using commercial
software, ADINA v7.4 (ADINA R&D Inc., Watertown, MA). The CFD model
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implemented a finite element solution of the Navier-Stokes solution in 3D with several
assumptions. First, the velocity profile at the inlet of the upper chamber was assumed to
be uniform. Second, no-slip boundary conditions were imposed at the outlet and the
walls. The Reynolds number was based on the width of the upper chamber and the
diameter of the tissue-flow channels and was approximately - 0(1) [16].
The input parameters for these models were selected to match the physiological
values cited in previous in vitro studies of endothelial cell behavior. Two experimental
models were proposed for flow across the gel: a low shear and a high shear model. The
aim of the low shear model (0.3 dynes/cm 2) was to apply a negligible shear force on the
surface of the gel or to the endothelial cells seeded in the gel. The aim of the high shear
model (10 dynes/cm 2 ) was to apply a shear force on the scale of the shear stress on the
endothelium in vivo. For flow through the gel, the driving pressure was selected to be 10
mmHg, which is the typical pressure dron across a capillary.
The CFD model was run with the desired control and experimental shear stress
rates and the desired inlet flow rates were calculated to be 1.5 mL/min and 46.5 mL/min
for the control and experimental values of shear stress, respectively [61]. Additionally,
plots of the shear distribution across cell culture area were generated for the control and
experimental parameters, which demonstrated some non-uniformity of shear on the
surface of the peptide gel region [61].
2.4. Biological Materials & Methods
The experimental setup of the bioreactor consisted of both biological and non-
biological preparations. The protocol for assembly of the bioreactor was previously
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documented, so the protocols developed for the angiogenesis experiments focused on the
optimization of peptide and cell culture preparations.
2.4.1. Self- Assembling Peptide Gel
RADA16-II peptide (Synpep Corp., Dublin, CA) was used for the experiments (R
= arginine, A = alanine, D = aspartic acid). The chemical structure of the amino acids,
sequence and molecular structure of RADAI 6-II is shown in Figure 1.5. A I% solution
(10 mg/mL) of the RADA16-II peptide was prepared in sterile double-distilled water.
After mixing, the peptide solution was initially vortexed for 30 seconds at low speed,
following by alternating vortexing (Mini Vortex VM-3000, VWR) and sonicating
(Aquasonic Model 50HT, VWR) every 5 minutes, for 30 minutes or until the peptide is
completely dissolved. The amount of peptide solution to fill the cell seeding area was
based on the volume of the washer; with an adjustment for a measured 10% contraction
in volume after the solution formed a gel.
2.4.2. Cell Culture
Bovine aortic endothelial cells (BAECs) were isolated from fetal aorta according
to published protocol (Williams KS, 1996) and cultured on 1% gelatin (#G-1890, Sigma
Aldrich, St. Louis, MO) coated T-75 flasks (29186-105, VWR, West Chester, PA). Cell
culture medium was prepared and changed every 2 to 3 days (10% Defined Fetal Bovine
Serum (SH30070.03, HyClone, Logan, UT), 1% Penicillin-Streptomycin (15140122,
Invitrogen, Carlsbad, CA), I% Endothelial Mitogen (BT-203, Biomedical Technologies,
Stoughton, MA), 2% Heparin (H3149-50KU, Sigma Aldrich), 1% L-Glutamine
(25030081, Invitrogen), 85% Medium 199 (M7528, Sigma Aldrich)).
42
Cells were incubated for 5 to 7 days until confluent. After treatment with trypsin
(#SH 30042, HyClone), the endothelial cells are centrifuged (1400 rpm @ -4C) for ten
minutes. All excess fluid is aspirated and the cell pellet is re-suspended in a small
volume low pH medium. The goal of the low pH medium was to prevent the peptide
solution from gelling when mixed with the cell pellet. The pH of this medium was
optimized based on observed cell viability in various concentrations (A.2.1, Figure
A.2.1). For 3D seeding experiments, the final cell seeding density in peptide gel was
5million cells/mL. Cells were counted prior to seeding using a hemacytometer (#1483,
Hausser Scientific, Horsham, PA).
2.5. Bioreactor Materials & Methods
The macroreactor assembly protocol was followed and was modified as needed to fit
the requirements of the peptide gel experiments.
2.5.1. Peptide Scaffold
First, the structural component for seeding the peptide hydrogel and cells was
constructed. The Stycast adhesive curing agent was combined with base at ratio of 5:1
and mixed continuously for 5 minutes. The stainless steel washer was adhered to the cell
culture membrane and allowed to set for 24 hours, after which the excess membrane was
cut away, and the entire insert was sterilized in 70% ethanol for 30 minutes. All the
bioreactor housing, parts, tubing, fluidic fittings, reservoirs, and tools were autoclaved.
The bioreactor parts were assembled in the hood and the custom cell culture insert for the
peptide gel was secured in the bioreactor.
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Once the cells are suspended in the low pH media, the peptide solution was
removed from the sonicator, the cells were gently suspended in the peptide solution with
a 200pL micropipette, and the mixture was carefully placed on the cell culture membrane
in the bioreactor. The bottom chamber of the bioreactor was assembled and infused with
medium, and a small volume of media was placed on top of the peptide and cell solution
to promote gelation, as well as provide sufficient nutrients to the cells. Finally, the cover
slip of the top chamber is placed on top of the sample, sealed with autoclaved vacuum
grease, and fastened tightly to prevent leaks.
2.5.2. Flow Delivery
Once the cells were seeded in the peptide matrix, three difference flow patterns
were possible: flow across the gel, cross-flow through the gel, and flow across and
through the gel. In order to maintain a sufficient supply of oxygen and nutrients to the
cells as well as maintain a constant level of pressure across the gel a peristaltic pump was
used to control flow across the gel (Peristalic Pump P-3, Pharmacia Fine Chemicals,
Piscataway, NJ). In addition to establishing a flow across the gel construct, a slight
hydrostatic pressure drop was used to promote the flow of media through the thickness of
the gel and through the thin membrane support. A schematic of the flow path diagram
for a flow across and flow through experiment is shown below in Figure 2.4.
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Figure 2.4. Flow diagram for bioreactor experiment
Two reservoirs of medium were needed for maintaining flow through the device:
an upper reservoir and a lower reservoir. Pyrex@ graduated media bottles (500 mL) were
used as fluid reservoirs (#1395-500, Coming, Corning, NY), and the caps were fitted
with female luer connections for tubing and sealed with silicone glue (Cole Parmer). The
upper reservoir serves as the inlet for all flow into the bioreactor. The lower reservoir
collects flow through the gel and is placed at a height such that a pressure difference is
maintained between the upper and lower reservoir. A second pump (not shown) was
used to re-circulate the media flow through the gel to back to the upper reservoir (Pump
P-1, Pharmacia Biotech, Uppsala, Sweden). Silastic® silicone tubing (1/8" ID x 1/4"
OD) was used for all fluids connections (#515-012, Dow Coming, Midland, MI).
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2.6. Device Validation
After the bioreactor device was assembled with the peptide gel, a number of studies
were performed to validate the performance of the macroreactor. In particular, the
hardware and fluidic fittings were assessed for leaks and the connectors for the reservoirs
and pumps were fitted to go inside the incubators. Experiments were performed to
measure the flow through the peptide gel in the bioreactor at 37'C once the system and
hydrostatic reservoirs were setup in the incubator. This data was used to calibrate to
pump flow rates to achieve the inlet flow rates of the CFD model.
2.7. Summary
In summary, an in vitro model for culturing hepatocytes was modified for 3D
studies of endothelial cell behavior in a self-assembling peptide matrix under two levels
of shear stress: 0.3 dynes/cm2 and 10 dynes/cm2 . Experiments were conducted to study
angiogenesis in this device using hydrostatic pressure and a peristaltic pump to control
flow. Results to characterize angiogenic activity due to flow were assessed using
fluorescent and confocal microscopy.
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3. Microscale Bioreactor
3.1. Introduction
A bioreactor that closely mimics angiogenesis in vivo is needed to study the
mechanism of endothelial cell behavior as well as characterize the angiogenic potential of
new biomaterials, such as the self-assembling peptide. In addition to the self-assembling
peptide gel, a device that is compatible with any injectable biomaterial, such as collagen
or fibrin gels would be advantageous. It is also noted that none of the experimental
systems reviewed allow for real time visualization of angiogenesis in 3D. A system
small enough to fit on the stage of a confocal microscope would allow 3D images and
video of endothelial cell migration over the entire course of an experiment. These
considerations motivated the design of a novel 3D in vitro system that allows for active
observation of angiogenesis in a self-assembling peptide scaffold in a microfluidic
device.
The proposed microfluidic device for studying angiogenesis consisted of a series of
channels for culturing endothelial cells in the peptide gel and channels for delivering
media and nutrients. A solid model of the assembled microfluidic device was generated
using SolidWorks modeling software, and is shown below in Figure 3.1. A schematic of
a proposed angiogenesis experimental is shown in Figures 3.2.
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Figure 3.1. Solid model of assembled microfluidic device
The entire flow system was designed on a biocompatible PDMS wafer ((D = 23 mm)
that was bonded to a temperature controlled optics dish (#04200415B, Bioptechs, Bulter,
PA). The temperature control dish is compatible with a temperature stage controller on
the confocal microscope stage that allows for live cell microscopy (Delta T3 Culture Dish
Controller, Bioptechs). Interconnects for connecting tubing were etched in the
microchannel network on the wafer to serve as the link from the microscopic device to
the macroscopic level. The dish and wafer were mounted on a custom-machined
platform that was small enough to fit on the stage of a confocal microscope, enabling 3D
microscopic images and video to actively monitor gel formation, endothelial cell
migration, and lumen formation.
Two types of experiments are possible in the proposed device: 2D monolayer
studies and 3D seeding studies. For 3D seeding experiments, a syringe pump is used to
flow the endothelial cells suspended in peptide solution into the micro channels at a low
Reynolds number. For 2D experiments, only the peptide solution is pumped in, followed
by a solution of adhesion molecules through the main channels to promote adhesion of an
endothelial cell monolayer on the surface of the gel. In addition to cell culture
variability, three different flow patterns are possible inside the microchannels. First, the
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inlet and outlets of the top and bottom horizontal channels can be open, so that flow can
only be sent across the top surface of the gel. Second, the outlet of the top channel can be
closed and flow can be allowed through gel. Finally, both the top and bottom channels
can be opened to allow flow across and flow through the gel.
Figure 3.2 depicts a combination of several experimental parameters in the device.
A 2D monolayer of endothelial cells is seeded on a 3D bed of peptide, which may be
considered a model of the endothelium in vivo, and a pressure gradient promotes
interstitial flow through the peptide matrix. Finally, chemoattractants are induced below
the gel, and migration into the gel may be actively observed using fluorescent-tagged
endothelial cells.
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Figure 3.2. Proposed angiogenesis experiment in miicroreactor
3.2. Design Objectives
The design objectives for the microreactor were motivated by the experimental
difficulties using the macroscale reactor. Additionally, specific considerations were
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made for the self-assembling peptide gel and for the ideal environment for studying
angiogenesis.
3.2.1. Macroscale Bioreactor Motivations
The results of culturing endothelial cells in the peptide gel under flow in the
bioreactor demonstrated promising preliminary results of lumen formation, however,
there were several drawbacks to using this system for angiogenesis studies. First was the
inability to observe the cells and gel in the system, as well as the various steps of
angiogenesis, such as migration, proliferation, and lumen formation. The peptide gel was
very fragile and the sample was often damaged or destroyed when removed from the
bioreactor housing. The geometry of the heart of the macroreactor chamber was designed
for a different type of experiment, where large shear gradients were favorable. This is
demonstrated by the shear stress distribution plot generated for the bioreactor chamber
geometry in Figures 2.5 and 2.6. This is not an optimal experimental condition for the
3D cell culture experiments because a large surface area of the gel was exposed to this
gradient, which led to shearing of peptide gel, as well as the 2D endothelial monolayers
that were attempted to seed on the surface of the gel. Shearing of the gel during an
experiment made it difficult to consistently measure and predict the permeability of the
peptide gel, and subsequently the fluid forces acting on the cells in a 3D seeding in the
peptide.
In addition to the chamber design, the modifications and assembly of the
bioreactor also presented drawbacks for experimental procedures with cells. The
adhesive required to adhere the stainless steel washer to the cell culture membrane was
non-sterile and not autoclavable. Large volumes of biological materials were necessary
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to fill device, which can be expensive, and it would be more cost efficient to use smaller
volumes of peptide and cell culture medium. The large number of parts often led to a
long assembly time after the cells and gel were implanted in the system. Given these
experimental complications and the desire to consistently recreate an optimal
microenvironment, the design specifications of a new device for 3D cell culture were
generated.
3.2.2. Microreactor Design Specifications
The design specifications for the microreactor are divided into two categories:
biological and mechanical requirements. Biological specifications include needs such as
maintaining an optimal cell culture environment and delivering nutrients and growth
factors to cells. Mechanical requirements refer to the hardware design, such as the design
of a platform for mounting all the valves and fluidic fittings that fit on the confocal
microscope stage and that could be transported in and out of the incubator over the course
of an experiment without disturbing the cells. Table 3.1 is a product contract, which lists
the design requirements and engineering specifications for the microreactor.
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Table 3.1. Product contract for design of microreactor
Functional Requirement
3D seeding area for cells and matrix
Interstitial flow through matrix
Entire system fit on microscope
stage
Maintain system at 37*C
Minimize biological Micron scale geometry
materials [ir
Biocompatible Allow sufficient oxygen exchange
Easy to manufacture Microfabrication
Easy and fast to assemble Minimum number parts
Device Need
Mimic physiological factors
Observe cells continuously
3.3. Flow System Design
The region of cell culture was divided into several small channels of equal dimension.
A small post separates each region. Four converging channels deliver flow to the cell
culture. These channels were designed to merge at angles >= 20' to minimize distortion
to the geometry of the channels that can be caused by etching small angles [62]. The
geometry of the cell culture region in the microchannel network is shown in Figure 3.3,
and Table 3.2 lists the dimensions of the cell culture regions for peptide gel.
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Engineering Specification
125um x 500um regions
Hydrostatic pressure
reservoirs
Total stage area 8" x 6"
Temperature control dish
Less then 300#L per exp
PDMS substrate, silicon
tubing
7 flow systems per mask
2 major components
3.4. Flow Properties
Many of the concepts developed in Section 2 can be applied to model the flow in the
microreactor, such as oxygen transport and diffusion analysis (Sections 3.4.1 & 3.4.2).
One additional analysis was characterizing the flow parameters for filling and clearing
the microfluidic channels (Figure 3.4). Precise control of these flow properties was
necessary to secure peptide gel in the regions for cell culture. The flow in the channels
was modeled using a 2D model of Navier-Stokes for flow in rectilinear channels (Section
3.4.3).
3.4.1. Oxygen Transport
Unlike the macroreactor, which enclosed the cell culture sample in a stainless
steel housing, the microreactor is made of PDMS, which is permeable to oxygen.
Recalling Equations 2.1 and 2.2, the Pectel number is 3, where L = 625 prm (for 5 x 125
pm wide peptide gel channels). For a cell seeding density of 5 million cells/mL, the
necessary perfusion rate through the gel to maintain a sufficient oxygen supply to cell
was calculated q = 1.4 x 10-7 ptL/s.
3.4.2. Diffusion Analysis
Once the peptide solution is pumped into the device, gel formation is promoted by
the introduction of a saline solution through the top and bottom horizontal channels.
Since the saline solution will be entering from the top and bottom horizontal channels,
the diffusion length scale 6 is half the dimension of the region (Equation 2.4). The two
various peptide channel lengths in consideration are substituted into equation 2.6. For a
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a.) Normal View
Peptide gel war
region
d
c
b.) Cross sectional view
Glass
cover slip
Figure 3.3. Schematic of microfluidic channels
Table 3.2. Dimensions of cell culture regions and microfluidic channels
Feature Dimension Label Value (um)
Peptide Gel Region width a 100-200
______________ length c 300-500
Post width b 100 - 200length c 300-500
Horizontal channel width d 100 - 500
Vertical channel width e 1000
Height all channels height f 100 - 150
The length to width ratio of the posts (3:1-5:1) was sufficient to provide stability
to the regions of peptide gel. Additionally, only a small surface area of the each peptide
gel region is exposed to flow (0.0125 - 0.01875 mm 2), in comparison to the microreactor
where a very large surface area of peptide gel was exposed (44.2 mm2). The goal of
having smaller areas for cell culture is so that the flow properties, such as surface shear
can be uniform as well as the ability to visualize the cells microscopically. The layout of
the microfluidic channels is favorable for 3D imaging of cell migration into and through
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the gel where the resolution in the imaging plane parallel to the objective is
approximately twice as high as the resolution in the plane perpendicular to the objective.
In the microreactor, the direction of flow is parallel to the imaging plane, whereas in the
samples from the macroreactor, the direction of interstitial flow was perpendicular to the
imaging plane. Therefore, the microreactor will provide better images than the
macroreactor results, and possibility better images of lumen formation.
A flow protocol was developed and implemented for filling the microchannels
and for maintaining stable areas of peptide gel for cell culture. Figure 3.4 outlines a
general procedure of six steps. Most of the experimental design modifications (Section
5.3) focused on optimizing the dimensions listed in Table 3.2 to achieve a consistent and
reliable flow pattern in the device.
1. Purge all channels with 2. Pump peptide solution 3. Clear peptide solution
double distilled water (pH 5) with fluorescent tagged and cells from top and
cells in vertical channel bottom horizontal channels
6. Fill all channels with 5. Chase top and bottom 4. Clear peptide solution
cell culture media horizontal channels with PBS from top and bottom
to promote peptide gelation vertical channels
____________ Fluorescent tagged m z iPeptide gel endotheal PBS Media
Figure 3.4. Flow protocol for filling the microfluidic channels
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300 pm and a 500 pm long peptide channel, the diffusion times are 3.8 sec and 10.5 sec,
respectively.
3.4.3. Flow Analysis
The flow system design makes the calculation and control of key experiment
parameters, such as flow rate and pressure gradient across the peptide gel simple. In
addition to changing to properties of the flow, the mechanical properties of the peptide
scaffold, such as pore size and stiffness can be controlled by altering the length of the
amino acid chain and the peptide solution concentrations.
In the design of microfluidic devices, resistance to flow is a major design concern.
If the resistance to flow is too high, then the pressure required to produce a given volume
flow through the device might be unachievable, especially in the case of hydrostatic
pressure driven flow. In order to determine driving pressure to produce a given volume
flow rate across the microfluidic channels, the resistance was calculated for various
channel geometries (Whitesides, 2003).
R =P (3.1)Q
where dell P is the pressure difference across the channel and Q is the volume flow rate
through the channel. For a channel of rectangular cross-section, the resistance is
tanh
R= 3pL [ (3.2)
4bc' b k1 a k
where b = half the vessel width, c = half the vessel depth, L = vessel length, and p =
viscosity of the fluid [63]. The microchannels (Figure 3.3) were modeled by a series of
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resistors and the values of resistance for the dimensions considered in the design of
optimal microfluidic channels are listed in Table 3.3. These resistances were used to
determine the inlet velocities in the microfluidic channels.
Table 3.3. Resistance of microfluidic delivery channels
Dimensions considered in design of microfluidic channels
Depth 100um 150um
Width 100um 250um 500um 100um 250um 500um
Rectangular Channel
Length* 0.012 0.012 0.012 0.012 0.012 0.012
Open Channel
Length* 0.001 0.001 0.001 0.001 0.001 0.001
Rectangular Channel
Resistance* 3.41E+12 7.70E+1 1 3.30E+1 1 1.63E+12 2.73E+1 1 1.05E+1 1
Open Channel
Resistance* 1.44E+12 9.22E+10 1.15E+10 9.60E+1 1 6.14E+10 7.68E+09
Total Resistance* 4.85E+12 8.62E+11 3.41E+11 2.59E+12 3.34E+1 1 1.1 3E+1 1
*Dimensions length (mm) and resistance ( kg/metersA4)
The flow regime inside the media delivery channels is laminar (Re = 0.6-3), and
the media is modeled as a Newtonian fluid with kinematic viscosity r. Assuming steady
2D rectilinear flow in a channel of width 2b (y direction) and height 2c (z direction), the
Navier-Stokes equation can be solved for u , the fluid velocity in the x direction [63]
1ZF 2 (_l)k cosh ak 1
U ~ aP 2 + - 1) ( C S( Z)(yc 1 - - 4 3 cosr ,217 3x C k=1 ak cosh (kb) c
where P, is the pressure across the length of the channel and
(3.3)
(3.4)ak = (2k -1), k = 1,2...
2
The Reynolds number for a non-circular duct is
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Re = DhV (3.5)
p
where Dh is hydraulic diameter
D = 4 A. (3.6)
P
The shear applied to the surface of the peptide gel is
rDu (3.7
To calculate the shear inside the peptide gel, the Debye-Brinkman equation was used and
a model is presented in Section 4.4.
3.5. Device Design: Microfabrication
The micron scale geometry of the microfluidics mask was fabricated using MEMS
technology. A silicon wafer was etched with a transparency mask of the microscale flow
systems. Once the silicon mold was fabricated, a PDMS wafer was cast, the
interconnects for tubing were cored, and a glass optics dish was plasma bonded to the
PDMS wafer. A solid model of the assembled microfluidic device is in Figure 3.1.
3.5.1. Mask design
The mask design for the silicon-etched mold was created using Ledit V.10, a
MEMS layout editing software (Tanner EDA, Pasadena, CA). Figure 3.5 depicts the
proposed layout for a standard 4-inch silicon wafer, which can accommodate seven
individual flow systems ((D = 23 mm). Crosshairs were drawn on the mask to serve as
markers for aligning the fluidic fittings to the microchannels.
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Since the smallest geometries of the mask are on the order of 100 microns, a
transparency mask was the optimal and cost-effective technique for creating a mask. The
mask design was printed on a Mylar transparency at 5240 dpi resolution by PageWorks
(Cambridge, MA).
PDMS Wafer- d =76 mm
Microscope Stage Wafer d= 23mm
Flow System area= 18 mm x 12 mm
a
C
d
e
Figure 3.5. Design and layout of soft lithography mask
Peptide solution is pumped through vertical channel (a). Silicon tubing is attached at
interconnects (c). Buffer solution is flowed through the two horizontal channels (b)
and (d) to wash out extra peptide solution, followed by a saline solution to promote
gelation of the peptide deposits. Region of cell culture (e).
3.5.2. Silicon Wafer Fabrication
Silicon wafers were masked and etched using semiconductor photolithography
and dry etch techniques (Figure 3.6). All fabrication was done at Charles Stark Draper
Laboratory (Cambridge, MA). The silicon wafers were standard P-type semiconductor-
grade silicon wafers, 100 mm in diameter by 525 pm thick (Virginia Semiconductor,
Powhatan, VA). The wafers were cleaned in a 3:1 H2SO 4:H 20 2 solution for 20 minutes
then rinsed and spin dried (Figure 3.1-A). Next, a layer of AZP4620 photoresist (Clariant
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Corporation, Charlotte, NC) was spin-coated on the surface of the wafer (Figure 3.1-B).
The transparency mask was aligned to the wafer, and the resist was exposed using a Karl-
Suss MA6 contact mask aligner (SUSS MicroTec, Munich, Germany) (Figure 3.1-C).
The photoresist was developed with 4:1 a H20:AZ400K developer solution (Clariant
Corporation) for 3 minutes 30 seconds. The exposed resist was removed, and the wafer
was cleaned and dried (Figure 3. 1-D). Two different depths were etched on the silicon,
100 gm ± 10 and 150 pim ± 10) by an STS Inductively Coupled Plasma Etcher Deep
Reactive Ion Etch (DRIE) machine (Surface Technology Systems, Newport, England)
(Figure 3.6-E). Finally, the resist was removed by rinsing the wafer with acetone,
methanol, and deionized water (Figure 3.6-F) [64, 65].
A B C D E F
Figure 3.6. Diagram of the silicon photolithography process
3.5.3. PDMS Casting
Polydimethylsiloxane elastomer (PDMS) is widely used in microfluidic
applications to form components such as channels, valves, and diaphragms [66]. Among
the advantages of PDMS, are that it is biocompatible, optically favorable, and
commercially available at low cost [55]. PDMS is cured by an organometallic cross-
linking reaction. The siloxane base oligomers contain vinyl groups. The cross-linking
oligomers contain at least 3 silicon hydride bonds each. The curing agent contains a
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proprietary platinum-based catalyst that catalyzes the addition of the SiH bond across the
vinyl groups, forming Si-CH2 -CH2-Si linkages. The multiple reaction sites on both the
base and cross-linking oligomers allow for three-dimensional cross-linking [67].
A PDMS cast of the silicon wafer was made by a technique known as bulk
molding. First, PDMS pre-polymer was made by combining the siloxane base and the
curing agent at a 10:1 ratio (Sylgard@ 182 Silicone Elastomer Kit, Dow Corning Corp.,
Midland, MI). The PDMS pre-polymer is mixed for 5 minutes (AR-100, THINKY.CO.
LTD, Japan). Additionally, the PDMS is degassed in a vacuum chamber for a series of
pressure/release cycles until air bubbles are no longer visible. Once mixed and degassed,
the PDMS pre-polymer is poured over the silicon wafer. Any bubbles trapped around the
edges of the etched channel pattern on the silicon were removed with a transfer pipette.
In order to cure the PDMS, the wafer is placed in the oven at 370 C for 24 hours.
Once the PDMS is cured, it is peeled from the silicon wafer and the seven flow
systems are punched out using a cork borer (ID = 23 mm) (#S5016E, Fisher Scientific).
Next, holes are punched for connecting tubing to the device using a modified 18-gauge
syringe tip that has been cut down and sharpened (#AC141390000, Fisher Scientific).
3.5.4. Plasma Bonding
Bonding is an important step in the microfluidic device assembly. A good bond is
necessary to prevent leaks in the system, as well as create an optically favorable
environment within the working distance of the microscope objective used for imaging.
In order to create the microfluidic channels, a glass cover slip was adhered to the PDMS
wafer. Two techniques were implemented for bonding PDMS to glass, spin-coating and
plasma bonding. One disadvantage of the spin-coating approach is that it was hard to
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achieve a thin layer of uniform thickness of PDMS on the cover slip, which created a
faulty bond with the wafer. Since the cover slip thickness is such an important parameter
for using the confocal microscope, any additional thickness introduced by spin-coating
reduced the imaging capabilities within the device. Therefore, plasma bonding was
selected as the best technique because the glass cover can be directly adhered to the
PDMS.
Plasma bonding is a technique that uses oxygen-plasma to produce silanol groups
on the PDMS and -OH-containing functional groups on other materials, such as glass.
When the two surfaces are brought into contact with each other, the polar groups form
covalent -O-Si-O-bonds with the oxidized PDMS [54]. Figure 3.7 is a diagram of the
plasma bonding process. Both the PDMS wafer and the glass optics dish were placed in
a plasma cleaner for 20 seconds at high RF. Once sealed, the devices were visually
inspected and tested for leaks prior to experimental implementation.
0- 0-
01H OH OH OH
Si Si Si Si
PDMS cast and PDMS plasma PDMS & glass
cured on Si master treatment bonded by contact
mold
Figure 3.7. Microfluidic channel assembly by plasma bonding
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3.6. Device Design: Macroscale
3.6.1. Fluidic Fittings
In order to connect the PDMS microchannels to the macroscale portions of the
device a good seal is critical. The compliance of the PDMS polymer makes it easy
integrate components with the microfluidic channels. Small stainless steel pins were cut
and deburred from 16 gauge regular width stock (OD 0.095" ID 0.071") to a length of
0.300" (custom order, New England Small Tube Corp, Litchfield, NH). The pins were
press fit into the 18 gauge holes that were cored from the PDMS wafer before bonding.
Figure 3.8 depicts the fluidic fittings and optics dish assembly for the microfluidic
device.
Deltp T culture dish PDMS wafer bonded to
optically clear
temperature control dish
Efficient, conductive thermal transfer,
exclusively from the glass and directly
to the calls and media
Microscope stage clips
secure flow system and
temperature control dish
Silicon tubing (11) =1/32")
press fit into PDMS wafer
with 18 gauge s.s. pins
Figure 3.8. Fluidic fittings and optics dish assembly
63
Polycarbonate stopcocks with luer connections for tubing connectors were used to
control the flow paths through the microfluidic system. The top and bottom horizontal
channels, which handle two different types of fluid and three-directional flow were
affixed with 4-way valves (U-30600-04, Cole-Parmer). The vertical channels and
reservoirs, which only handle two-directional flow were affixed with 2-way valves (U-
30600-04, Cole-Parmer). Tygon@ tubing (1/32"ID x 3/32"OD) was used for all flow
connections (EW-06408-60, Cole-Parmer). The tubing connections were made with
polypropylene male and female luer fittings (1/16" hose barb) (#U06359-27, #U06359-
27, Cole-Parmer).
3.6.2. Stage Design
A platform was designed to hold the microfluidic device and to mount all the
valves that control the flow pattern in the device. The average microscope stage
measures 10" by 10", therefore, the base of the platform was machined to 6" by 8."
Minimizing the size of the stage was also an important factor in order to make the device
easily transportable from the incubator to the microscope.
Polycarbonate stock (1/4" thick, 12" x 12" sheet) was selected as the material for
the platform and for the valve mountings because it is inexpensive and easy to machine
(#85625K23, McMaster-Carr, New Brunswick, NJ). The entire platform was designed to
be in the incubator for the course of an experiment and maintained at 370 C, which is
within the operating temperature range of the polycarbonate material (0' to 2000 F).
Additionally, the material is easy to wipe down and clean with ethanol prior to
experimental setups. The thickness of the platform was also a consideration because the
64
platform must be thin enough such that the microfluidic channels are within the working
distance of the objective.
Machine drawings for the platform and the components are in the Appendix
(A.3). A hole was centered on the stage and milled to the dimensions of the assembled
microfluidic device. Holes for attaching microscope stage clips to secure the optics dish
were also machined (#2B001-866, MVI Inc, Avon, MA). The valves mounts were
assembled and centered around the optics dish on the platform with industrial strength
epoxy. Adhesive-backed nylon straps (two-sided, OD = 0.5") were used to secure the
fluidic valves on the mounting area (#2978T64, McMaster-Carr). Figure 3.9 is a
solidmodel of the assembled platform and microfluidic device.
Figure 3.9. Solid model of platform for microreactor
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It was found during early experiments, that the microfluidic device was highly
sensitive to movements, especially during the filling of the peptide gel channels. In order
to secure the platform on the microscope stage, two square mounting patterns were
machined on the base, so that it could be secured on the scope stage and move with the
same translation as the microscope stage. This is an important consideration for cell
migration and network formation studies, so that cell movement can be tracked reliably
over the course of an experiment, where often the device may be removed from the stage
between imaging. Rubber feet (1/16") were also placed at the four corner of the Lexan
stage to provide additional stability for scopes without patterns for mounting.
3.6.3. Fluid Reservoirs & Mounts
A mounting stand was designed to create a hydrostatic pressure gradient by
securing the fluid reservoirs at different heights with respect to each other. For the non-
biological experiments, the design of a stand was not very constrained, however, for the
biological experiments, the design of a stand for the hydrostatic reservoirs was slightly
more stringent because the stand needed to be easy to sterilize as well as fit in the
incubator. In order to maintain a positive pressure in the microreactor, all reservoirs were
mounted at a height above the microscope stage.
Two types of reservoirs were used in the microreactor experiments. The
reservoirs used for the non-cell culture experiments were IOOmL Pyrex@ graduated
media bottles (#1395-100, Corning, Corning, NY). The caps were fitted with female luer
connects (1/16" hose barb). The reservoirs for the cell culture experiments were sterile
30mL syringes with luer lock tips (#BD309650, BD, Franklin Lakes, NJ). The plungers
were removed from the syringes and the syringes were fitted with one-hole #3 rubber
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stoppers (#59 581-200, VWR, West Chester, PA). Each rubber stopper was fitted with a
female leur connector, a two-way valve or 3-way valve, and a 0.45pm syringe filter
(#28146-002, VWR). All the water reservoirs were fitted with 2-way valves, and the
media reservoirs were fitted with 3-way valves (the extra outlet was for re-circulating
media from across and through reservoirs to inlet reservoir).
3.7. Biological Materials & Methods
3.7.1. Cell Culture
BAECs were isolated and cultured according to the protocols outlined in Section
2.4.2. Passages 8-11 were used for the experiments with peptide gel and cells. Prior to
experimental seeding, the cells were stained with a fluorescent cell membrane marker
(MIN167, Sigma Aldrich) according to the manufacturer's protocol.
3.7.2. Self-Assembling Peptide
Two variations of the RADA16 peptide were used for the microreactor
experiments. First, 1% RADA16-II was prepared according to the protocol outlined in
section 2.4.1 for the validation experiments with 2pm fluorescent yellow green
microbeads, max excitation wavelength 441 nm and max emission wavelength 486 nm
(18338-5, Polysciences Inc., Warrington, PA). Second, for the cell culture experiments,
RADA16-I powder was dissolved at 1.1% mass concentration in a 300mM sterile
sucrose solution, and the final number of cells was suspended in 25uL of 300mM
solution to achieve a final peptide mass concentration of 1%. Finally, RADA16-I
(Puramatrix, Cambridge, MA) with sequence [AcN-RADARADARADARADACNH 2]
was used for the device experiments with pure peptide and with peptide and cells. The
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amino acid side chains of RADA16-I are the same as RADA16-II, however, the sequence
and structure are slightly different from that shown in Figure 1.5 as shown in Figure 3.10
RADA16-I Sequence
f?1+ + - + + -
CHC-R-A-D-A-R-A-D-A- R-A-D-A-R-A-D-A-CONH 2
RADA16-I Molecular Structure
1.2 n
6.6nm
Figure 3.10. Sequence and molecular structure of RADA16-I
(courtesy J. Park, Laboratory of Molecular Self-assembly, MIT)
The RADA16-I was supplied pre-dissolved at a 1% concentration. The peptide
solution was prepared a 0.5% RADA16-I solution was. While the angiogenic potential of
the RADA16-I peptide has not been investigated yet, the goal of using the Puramatrix
peptide was to reduce batch variability in the peptide. The observed variability of the
RADA16-II peptide was attributed to variability of mixing and sonicating the peptide
solution preparation in small batches. Additionally, the pre-mixed peptide RADA16-I
was less viscous than the RADA16-II, which is desirable for the flow experiments.
3.8. Materials & Methods: Microreactor Assembly
The procedure for the setup of the microreactor consisted of sterilizing all the
reservoirs, tubing, valves, fluidic fittings, and tools in the autoclave. The assembly of all
flow connections was done in a bio-safety hood to maintain sterile conditions and
eliminate the introduction of unwanted dust particles in the microchannels.
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A Gastight@ high performance 500 [tL syringe was used to introduce the peptide
solution (#1750, Hamilton, Reno, NV). Sterile 12cc syringes were used to infuse water
and media into the device (#05-561-16, Fisher Scientific). A dual syringe pump was used
for the water/PBS, water/media inlets (#55-2222, Harvard Apparatus, Holliston, MA). A
single syringe pump was used for the peptide solution inlet (Model No. YA-12, Kent
Scientific Corp., Torrington, CA). The single syringe pump has the capability to control
flow on the order of (- ul/min for a 1 mL syringe). Figure 3.11 shows the microreactor
setup mounted on the stage of a microscope.
Dual syringe pumps used to purge
system and fill with media
Entire flow system base mounted
on microscope stage
Figure 3.11. Experimental setup of microreactor on microscope stage
3.9. Device Validation
The flow protocol was developed outlined in Figure 3.4 to validate the device: 1)
purge all channels with sterile double-distilled water; 2) pump peptide solution in vertical
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channels; 3) clear top and bottom horizontal channels; 4) clear top and bottom vertical
channels; 5) introduce saline/media to gel peptide solution; 6) perfuse all channels with
saline/media. The flow rates were calculated based on the equations presented in Section
3.5.3, and the syringe pumps were calibrated to match the desired volume flow rates.
The device validation consisted of a series of experiments to develop a priming protocol,
a valve setup, and a flow protocol. For the device validation experiments, green dye
was used to fill the peptide channels, and a solution of IX Dulbecco's phosphate buffered
saline (lx PBS) was used to in place of cell culture media to promote gelling of the
peptide (#14040-133, Invitrogen Corp.). Figure 3.12 is a flow diagram of the initial
device validation procedure.
Green dye solution
H20
Ix PBS solution
U Hydrostatic reservoir 1 ml syringe
12 cc syringe
Pump 
12cc syringe
Pump 2
Figure 3.12. Flow diagram for microreactor validation
One of the major challenges of microfluidic device setup is the inadvertent
introduction of gas bubbles into the channels during the priming procedure [68]. Gas
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bubbles can block channels, thereby sealing off inlets or outlets in the device. In early
trials with the microreactor, this phenomenon was noted; specifically, air bubbles often
became trapped in the horizontal channels, as well as in the rectangles of the peptide gel
area during the priming process. Figure 3.13 is a series of still frames of video of peptide
gel filling the device that demonstrates the effect of air bubbles trapped in the channels.
Figure 3.13. Air bubbles initially block microfluidic channels
A: Bright field image water-primed channels. B: Fluorescent image of channels before
peptide solution is introduced. C: Initially filling peptide channels. (D, E): Air bubbles
block peptide channels and horizontal channels. F: Clearing bottom horizontal channel.
G: Clearing top horizontal channel; bottom channel blocked by peptide gel. H: Air bubbles
cause peptide channel to clear. I: Bright field image of peptide gel in only 1 channel after the
introduction of PBS.
In order to eliminate this phenomenon, a priming flow step was added to the
protocol. Initially, the channels were all primed with sterile distilled water (Figure 3.4),
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however, ethanol is often used as the initial priming liquid in microfluidics because it has
a solubility coefficient for air that is two decades larger than water, which allows the air
bubble to dissolve in ethanol [69]. After priming with channels with ethanol, the flow
was switched from ethanol to water, resulting in bubble free channels. For the
microreactor, ethanol is an attractive choice as an initial primer because it also sterilizes
the channels in addition to dissolving the trapped air bubbles. In addition to air bubbles,
unwanted particles or debris are also an impedance to flow in microfluidic channels [68].
In order to prevent unwanted clogging, all fluids entering the device were passed through
filters with sterile 0.2 ptm syringe filters (#431224, Corning).
3.10. Summary
The in vitro model proposed allows the systematic variation of both mechanical and
biological factors. An average interstitial flow velocity of 10[tm/s [15] is achievable with
a hydrostatic pressure drop 12.9 cm H20 (1290.3 Pa) across the gel. For a 500 [tm length
gel, this is a pressure gradient of 0.0258 cm H20 /m (2.58 x 10-6 Pa/m). The average
shear stress acting on an endothelial cell embedded in the 3D matrix is estimated to be
4.2 dynes/cm 2 . In addition to mechanical parameters, there are several biological
parameters for the model: peptide gel concentration (0.1 % - I %), peptide gel thickness
(100ptm - 150pm) and length (300gm - 500gm), 3D cell seeding density (1 x 106
cells/mL - 10 x 106 cells/mL. One of the advantages of controlling cell density is that
two types of experiments can be performed in the microreactor. First, for migration
studies it is advantageous to use a small seeding density. Second, for angiogenesis
studies, it is more desirable to have a higher cell density to promote network formation.
It is also possible to deliver growth factor to the cells, such as VEGF and bFGF. VEGF
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is an important pro-angiogenic factor and basic fibroblast growth factor has also been
implicated in angiogenesis. Experimental studies were conducted to validate this device
and prove it is a viable tool for studying cell behavior in a peptide gel scaffold under
flow.
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4. Theory
4.1. Introduction
The flow through the peptide gel and the resultant shear stress acting on endothelial
cells seeded in the gel was analyzed and optimized to mimic the physiological parameters
of the in vivo microenvironment. These parameters included peptide gel properties,
interstitial flow rate, pressure gradient, and endothelial cell properties. First, an analysis
to predict the permeability of the peptide hydrogel was developed based on the fiber
matrix model (Section 4.2). The input parameters of the model, such as the average fiber
radius and pore size of the peptide gel where estimated using molecular modeling data of
the assembled peptide fibers [70]. Second, an analysis based on Darcy's law was
implemented to predict the pressure gradient necessary to promote a physiological rate of
flow through the peptide gel (Section 4.3). Finally, an analytical model was developed to
model the shear force experienced by the endothelial cells seeded in 3D in the peptide gel
based on a 2D model [71] and a 3D model [72, 73] of interstitial flow in a porous fiber
matrix (Sections 4.4 & 4.5). The results of these models led to a better understanding of
the properties of the peptide gel, the flow through the gel, and the shear force acting on
cells in the gel.
4.2. Permeability of the Peptide Gel
Permeability is an important physical property of a porous matrix. It is a
proportionality constant that takes into account the average pore size and shape of the
matrix and measures the ability of the matrix to conduct fluid flow. As a new
biomaterial, the permeability of the self-assembling peptide hydrogel has not been well-
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characterized yet. As discussed in Section 1.2.1, the peptide hydrogel is a fibrous
material, with average pore size ranging from 50 nm to 100 nm and fiber diameter
ranging from 10 nm to 20 nm. A theoretical model was developed to predict the
permeability of peptide gel based on the properties of the peptides of interest for
angiogenesis experiments: RADA16-I and RADA16-11. Furthermore, an experimental
model was developed to measure and validate the permeability of the peptide gel in
sections 5.2.
A scaling analysis based on Darcy's Law was derived (A4.1), which gives a
correlation between the permeability of the peptide gel K,, the fiber radius J and the
volume fraction of fibers in the gel 0:
K, 1 C - (4.2.1)
A numerical estimate for the relationship in Equation 4.2.1 is derived in the literature [74]
where
K = 0.31 9f 2o-1.17. (4.2.2)
Equation 4.2.2 is an approximation of several theoretical models, including the fiber
matrix model and is valid for the case of a uniform, highly porous fibrous material [74].
The volume fraction of the peptide fibers in the gel will be equal to the volume
fraction of peptide molecules in the gel. The volume fraction of peptide molecules can be
determined from equation 4.2.3, given the molecular weight of the peptideMW and the
volume per peptide molecule V,,e,)t,:de:
C *.6.022 x 10 3 .V
0 _ pe tide (4.2.3)MW
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The molecular weight was determined experimentally using mass spectrometry
techniques. Samples of RADA16-II were prepared of 0.5%, 1.0%, and 2.0% mass
concentration and the mass spectrometry analysis was performed at the HHMI-MIT
Biopolymers Laboratory (MIT, Cambridge, MA). The molecular weight used in the
calculations of volume fractions was an average of the three data points = 1713.8 g/mol.
This value is comparable to the molecular weight of RADA16-II given by the peptide
supplier = 1713.83 g/mol (Synpep).
The volume per peptide molecule was estimated using molecular modeling
techniques at the Laboratory for Molecular Simulation, MIT. The molecular structure
and dimensions of a single peptide molecule are shown in Figure 1.5. The estimated
volume per peptide molecule ranges between 1795 A3 -- 3600 A , and an average valve
of 2697.5 A- was used for the theoretical calculations of permeability [70]. As shown in
Figure 4.1, the peptide molecules assemble to form P-sheet bilayers that form the fibers
of the peptide gel, and these bilayers form the tape-like fibers of the peptide gel.
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Figure 4.1. Bilayer structure of an assembled RADA16-I P-sheet
(courtesy H. Yokoi)
The cross sectional area of an assembled peptide fiber, Apeptide, is equal to the volume of
fiber
two peptide molecules divided by back-bone to back-bone distance of two peptide fibers,
Apeptide = ( d (4.2.4)
The factor of 2 takes into account that each bilayer is two peptide molecules stacked.
Molecular modeling of the peptide estimates the intermolecular spacing of an RADA16-
II fiber is 4.8 A [70]. Given the cross sectional area of a peptide fiber, the effective
radius of a peptide fiber is simply:
Apeptide
fiber
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2 RADA16-I
molecules
9
(4.2.5)
Substituting the expression for the volume fraction of peptide fiber (4.2.3) and the
expression for the fiber radius (4.2.5) into Equation 4.1.2 yields an analytical estimate of
the permeability. Equation 4.2.2 was solved using iterative methods in Matlab v6.1
(Mathworks, Natick, MA). The calculations were based on average fiber radius of 1.9
nm. A log-log plot of the permeability versus mass concentration is shown in Figure 4.2.
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Figure 4.2. Log-log plot of permeability of RADA16-II gel vs. mass concentration
Figure 4.2 is a straight line on a log-log plot because the permeability is governed by
a power law relationship. The value of permeability ranges over several orders of
magnitude for mass concentrations between 0.5% and 2.0%. If lower concentration gels,
are highly permeable, then it may be postulated that cells in 3D will survive better in low
concentration gels because nutrients can diffuse into the matrix faster. However, it
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should be noted that as the concentration decreases, the structural integrity of the matrix
is compromised, and cells may not survive without a viable microstructure. The optimal
peptide gel concentration for 3D cell culture experiments will consider both permeability
and stiffness.
Figure 4.3 is a plot of the permeability of the peptide gel versus the mass
concentrations of interest in the angiogenesis experiments: 0.5% to 2.0%. The upper and
lower bounds were calculated for a peptide fiber radius of 1.5 nm and 2.2 nm,
respectively. Figure 4.3 shows the permeability is not very dependent on the radius of
the fibers of peptide gel. For example, the permeability of I% gel ranges between 2.53 x
10-16 -2.85 x 10-16 m2 for an effective fiber radius r = 1.5-2.2 nm. The average
permeability is 2.66 x 10-16 m2 for an average fiber radius r = 1.9 nm. Additionally, the
permeability approaches an asymptotic value for mass concentrations greater than 2%.
This may be attributed to the fact that at higher mass concentrations, the fibers of the
peptides are more closely packed, so the resistance to flow increases as suggested by
Figure 4.3.
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Figure 4.3. Permeability of RADA16-II gel vs. mass concentration for various fiber radii
This model of permeability was based on a model where all of the peptide
molecules are assumed to be assembled into fibers. However, this is not the case, and the
actual volume fraction of peptide fibers may be slightly less than the volume of peptide
molecules predicted by molecular modeling estimates because not all of the peptide
molecules assemble into fibers [70]. Therefore, the permeability values computed using
this model can be considered a lower bound. The volume fraction and the permeability
of the peptide hydrogel are listed for a range of concentrations of interest for flow
experiments in Table 4.1: 0.5%, 1.0%, 1.5%, and 2.0%.
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Table 4.1. Theoretical estimates of volume fraction and permeability of peptide gel for various mass
concentrations
Mass
Concentration Volume Fraction Permeability
% % m 2
0.5 0.47 5.98 x 10 16
1 0.95 2.66 x 10 6
1.5 1.42 1.65 x 10- 6
2 1.9 1.18 x 10-16
The values of permeability for other biomaterials such as collagen are not well
documented in the current literature. This may be attributed to the heterogeneity of the
microstructure of these materials, which makes permeability hard to quantify. Published
data for an isolated section of a rabbit aorta estimates the permeability to be 1.432 x 10-18
m2 [75]. It is expected that the permeability of the peptide gel with endothelial cells will
be higher than this. The aorta specimen consists of an endothelial cell monolayer on top
of a tightly-packed matrix of smooth muscle cells, while the peptide scaffold being
modeled only consists of a matrix of endothelial cells at a lower seeding density. This
implies the peptide scaffold will have a lower resistance to flow, and therefore, a higher
permeability.
The permeability of the peptide scaffold is not necessarily a constant value. For
example, over the time-course of an experiment, the permeability of the peptide gel may
change, as the fibers reassemble or as the gel contracts under flow. Proteins from the cell
culture medium may adhere to the fibers in the matrix, which increases the resistance to
flow. The permeability of the peptide scaffold (gel and cells) will be dependent on the
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volume fraction of cells seeded in the gel. A relationship between the volume fraction of
cells C and the effective permeability Kpeff has been proposed [76]
1- C
Kpeff = Kp I C. (4.2.6)
The permeability may also change as the embedded cells migrate and begin to make their
own ECM. The quantitative effect cells on the permeability of the peptide gel is further
addressed in Section 4.4. While the permeability of the peptide matrix may change
depending on the experimental conditions, the estimate obtained in this analysis is a good
baseline for modeling the flow through the peptide gel.
4.3. Flow Through Peptide Gel
The bulk flow through the peptide matrix is driven by a pressure gradient across
the peptide scaffold. Figure 4.4 illustrates the experiment model of interstitial flow
through the peptide scaffold.
U, p 1  P1
K, 0
P2
Figure 4.4. Interstitial flow through peptide scaffold
The average macroscopic velocity in the gel U is estimated using Darcy's Law, which is
a generalized relationship for flow in porous media.
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VP = f(4.3.1)
K,
where VP the pressure gradient across the gel, p is the viscosity of the perfusing fluid,
and K, is the hydraulic permeability of the peptide gel. The perfusing fluid is cell
culture medium, and the properties are assumed to be on the same scale as water (pwater =
6.86 x 10-3 Pa-s at 36.9'C). Assuming the peptide gel is uniform, the pressure gradient
across the length of the gel is
VP = -AP (4.3.2)
a3x Ax
where AP = P2 - P is the pressure difference and Ax = h is the height of the peptide gel.
Rearrangement of equation 4.2.1 and substitution of equation 4.3.2 gives
p ,UhK,,- A . (4.3.3)SAP
The volumetric flow rate of media through the peptide gel Q is defined as
Q = UA (4.3.4)
where A is the cross-sectional area region where the peptide hydrogel. The assumptions
made in this scaling analysis are valid for low Reynolds number flow. The Reynolds is
defined as
Re = pvD (4.3.6)
Ip
where D is the characteristic length of the model. For the peptide gel, D can be
approximated as the interfilament spacing, or rather the average pore size of the fibrous
matrix ~ 75 nm. The scaling relation for permeability (4.3.3) was applied to an
experimental model to estimate the permeability of the RADA16-II gel (Section 5.2).
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4.4. Flow Past a Single Endothelial Cell
A two-dimensional (2D) analytical model is presented to model the flow in the
matrix. Since the endothelial cells are seeded in a three-dimensional (3D) matrix, the
forces experienced by the cells will differ from the published models on 2D studies of
forces on a monolayer of endothelial cells. The model proposed is based on a 2D
adaptation of a 3D model of interstitial flow through the arterial media [71-73]. The
arterial media is composed of a thin layer of fenestrated endothelium and a tightly-packed
array of smooth muscle cells. While a 2D model may present a simplified analysis of the
published 3D model, the system in consideration for the angiogenesis experiments lacks
the complex entrance effects presented by the 3D model, which were imposed by small
fenestrae on the endothelial lining of the arterial media. The assumptions of the 2D
model are discussed in further detail below.
Several assumptions were made in the formulation of this model. First, the
peptide gel was assumed to be a homogeneous porous fibrous matrix with hydraulic
permeability Kp. The flow was assumed to be steady and uniform at the entrance to the
peptide matrix. The endothelial cells were modeled as impermeable obstacles to flow
due to the cell membrane's low hydraulic conductance, which is typically two orders of
magnitude lower than the conductance of the interstitium [71]. The 3D model was based
on smooth muscle cells, which tend to be cylindrical in shape, and the direction of flow in
the interstitium was assumed to be perpendicular to the longitudinal axis of the
cells/cylinders. In this 2D analysis, the cells were assumed to be arranged in a periodic
array, however, the volume fraction of cells in the angiogenesis experiments was
assumed to be small enough such that the shear force acting on a single cell is not
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affected by neighboring cells. Since the goal of this model was to quantify the shear
stress acting on the surface of a single cell, the solution for flow around a single cell is
assumed to be valid for an array of cells in a low volume fraction seeding where C < 0.6
[77].
Two governing equations are necessary to model the interstitial flow through the
peptide gel past a single cell. Figure 4.5 depicts a diagram of flow past a single
endothelial cell in the peptide gel where the radius of an endothelial cell a ~ 5pm and the
average macroscopic velocity U - 10pm/s.
U
Figure 4.5. Diagram of flow past single endothelial cell in porous matrix
The Debye-Brinkman equation is used to describe the flow through a highly porous
media [78]. The equation is a superposition of Stoke's equation for viscous flow and
Darcy's law. The equation of continuity is applied, assuming the flow inside the gel is
uniform.
VP =pV2U- U U (4.4.1)
K)
V-U =0 (4.4.2)
where U is the average macroscopic velocity in the gel, which is analogous to the
superficial velocity that appears in Darcy's law (4.3.1), and K, is the hydraulic
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permeability of the peptide gel. The term on the left hand side of equation 4.4.1, VP , is
the pressure gradient within the gel, which drives interstitial flow. The first term on the
right hand side of equation 4.4.1 represents the viscous force that is required to satisfy a
no-slip boundary condition on the surface of an endothelial cell, and the second term
represents the resistance to flow exerted by the porous material as a distributed body
force.
The first step in using the Debye-Brinkman equation (4.4.1) is specifying the
microscopic length scale, 6. The solution obtained will be valid assuming that the length
over which the macroscopic properties U and P vary is much greater than 6. According
to equation 4.4.1, U varies over distances proportional to . Therefore, a new
variable u is introduced such that
a =(4.4.3)
The solution will be valid for a2  1.
The goal of this model is to describe the shear force acting on an endothelial cell
seeded in the peptide gel, therefore, the radius of an endothelial cell a is assumed to be
the characteristic length scale of the model. Additionally, the superficial velocity UO is
assumed to the characteristic velocity. Simplifying equation 4.4.1 by neglecting the
Brinkman term at the entrance to the matrix, it can be assumed the characteristic pressure
PO scales as
PO uaUo (4.4.4)
K0
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16 2Substitution of the known parameters yields PO ~ 12.9 cm H20 for Kp = 2.66 x 10- m2
The Reynolds number to describe the flow through the peptide gel was calculated Re =
1.46 x 10-5 based on the diameter of an endothelial cell, d = 2a = 10pm and fluid density
p = 1000kg/m3 .
The characteristics values a, UO, and PO, are used to introduce scaled
dimensionless variables x, u, and p
X U P
x = - u = (4.4.5a, b, c)
a UO PO
where X is the position vector in Cartesian coordinates. The governing equations (4.4.1
& 4.4.2) can be rewritten in terms of the scaled dimensionless variables by solving for the
scaled partial differentials
aP ap PO aU au UO 2U d 2 u U0
-- = --- a--X a 02  . (4.4.6a, b, c)
aX ax a aX ax a aX 2 aX 2 a 2
Substition gives the following dimensionless governing equations
VP = V2 u-u (4.4.7)
a-
V -u = 0, (4.4.8)
which can be solved for two different regimes: viscous flow inside the boundary layer
and Stokes flow outside the boundary layer. The shear force acting on the surface of a
cell occurs within the viscous boundary layer, so this will be the regime of interest for
quantifying the shear force. According to equation 4.4.7, the viscous force V2 U 2 will
be negligible except inside a very thin boundary layer with thickness 0 (1/a).
Therefore, the governing equations can be solved for the regime outside of the boundary
layer assuming a 2 >> I. Recalling equation 4.4.3, an order of magnitude estimate is
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made for a, where a ~ O(10-6) and K, ~ 0(10-16) from the results of the permeability
model in Section 4.2. Solving Equation 4.4.3 gives a 2 ~ 0(104), so the solution
obtained neglecting the viscous term will be valid for modeling the flow regime outside
the boundary layer.
Outside the boundary layer, equation 4.4.7 reduces to Darcy's law
AP = -u. (4.4.9)
Substitution of 4.4.9 into the dimensionless continuity equation (4.4.8) gives the
governing equation for the pressure field outside the boundary layer, which is simply
Laplace's equation
V2p = 0. (4.4.10)
Equation 4.4.10 and 4.4.9 are used to solve for the velocity field outside the boundary
layer, and equation 4.3.7 is used to solve for the velocity field inside the boundary layer.
The complete solution is obtained by matching the velocity field at the edge of the
boundary layer.
Assuming the cylindrical geometry sketched in Figure 4.5, equation 4.4.10 can be
evaluated for cylindrical coordinates (r, 0) where r = I is the surface of an endothelial cell
a 2 p I ap 1 ___
+ - + - =O. (4.4.11)
ar2  r ar r 2 a02
The following boundary conditions are placed on the velocity field
U9 =-sin 0 Ur =cos 0 when r -+ oo (4.4.12a)
u,. = 0 r =1 . (4.4.12b)
The boundary conditions are rewritten in terms of the pressure using equation 4.4.9
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p = -rcos9 r -+ oo
3p 
-
a r
(4.4.13a)
(4.4.13b)r = 1 .
Equation 4.4.11 s solved subject to the constraints listed in equations 4.4.13a and 4.4.13b,
giving an expression for the pressure field outside boundary layer
p = -{r+- cos 0.Sr) (4.4.14)
In order to solve for the velocity field inside the boundary layer, a new coordinate
r that scales with the thickness of the boundary layer, I/a, is adopted
r-l
a
(4.4.15)
Equation 4.4.1 can be rewritten in terms of q and dropping term -O(1) gives
ap 
-
= 0
=_ -
-
2 u.
2 _Br/2
(4.4.16)
(4.4.17)
Equation 4.4.16 and the matching boundary condition for pressure at the edge of
boundary layer p( -> oo) = p(r -+ 1) are by the pressure field inside the boundary layer,
p = -2cos6. Two boundary conditions are needed to solve equation 4.4.17: a no-slip
boundary condition (4.4.18a) and a matching boundary condition (4.4.18b):
uO = 0 )7=0
U, = (q7 -+ oo) = u, = (r - 1) = -2sin 6
(4.4.18a)
(4.4.18b)
The solution of equation 4.4.17 is subject these boundary conditions (4.4.18a and
4.4.18b) is
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u9 = -2sin 6( - e-"). (4.4.19)
The complete composite solution for the pressure and velocity field is obtained using Van
Dyke's matching principle [79, 80]
p r =r+ cos e (4.4.20)
r)
Ur =1- 12 cos 0 (4.4.21)
U= 1+ 2 2e-7 sin 0. (4.4.22)
r
Equations were solved and plotted using an iterative method in Matlab v6. 1.
Figure 4.6 depicts a contour plot for the dimensionless pressure field around a single
endothelial cell, radius = 1. The pressure scales with Po (4.4.4), and the x and y axes
scale with a. Figure 4.7 depicts a contour plot of the dimensionless radial velocity field.
The velocity scales with UO where UO = 10 pm/s.
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Contour Plot Dimensionless Pressure on Endothelial Cell (radius = 1)
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Figure 4.6. Pressure field around an endothelial cell in peptide gel
Contour Plot Dimensionless Radial Velocity on Endothelial Cell (radius = 1)
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Figure 4.7. Contour plot radial velocity field around an endothelial cell in peptide gel
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4.5. Shear Stress on Endothelial Cell
The stress shear applied to a single endothelial cell at the surface is derived from
the viscous constitutive law in cylindrical coordinates at r = 1:
rr =- r- +-I--ur} r= (4.5.1)
ar r raO '
Substitution of equations 4.4.21 and 4.4.22 into 4.5.1 and evaluation at r = 1 yields:
r, = -p sin [ 4 2e- (a - ,] 1 = -2pu sin 0(3 - a) (4.5.2)
Dimensionless Shear Stress on Surface of Endothelial Cell (radius = 1)
1-
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Figure 4.8. Dimensionless shear stress on the surface of an endothelial cell
93
Additionally, the average wall shear stress on an individual cell is computed by
integrating equation 4.5.1 over half the circumference of a cell and dividing by the length
of the integration path, such that
0=0 (4.5.3)
A dimensionless shear stress is introduced where
T PU (4.5.4)
Substitution yields ro ~ 4.2dyneslcm2
The average wall shear stress on the surface of endothelial cell is evaluated for an
adjusted permeability for a given volume fraction of cells, Kjj (Equation 4.2.6).
Equation 4.2.2 is used to evaluate 4.5.3 for a range of volume fractions of peptide fibers
0 = 0 -0.18, and the results of the theoretical solution are plotted in Figure 4.9.
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Figure 4.9. Average dimensionless shear stress on endothelial cell vs. volume fraction
In order to assess the validity of the shear stress model on the surface on an
endothelial cell, a scaling analysis of the thickness of the boundary layer on the surface of
an endothelial cell was done. If the boundary layer thickness is on the order of or greater
than the pore size of the fiber matrix, then the solution for the flow regime inside the
boundary layer will not be valid. In order to determine the thickness of the Brinkman
boundary layer, the tangential velocity profile is assessed. Recalling Equation 4.4.22,
r -1
the tangential velocity grows at rate (I1- e-7) where 17 = -. The tangential velocity
undergoes 99% of its variation across the boundary layer when )7 ~ 5. Defining the
Brinkman boundary layer thickness J, as the length scale over which the velocity
changes:
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(2.37)
Using the peptide radius and permeability values from Section 4.2 for 1% peptide gel
(f = 1.9 x10-9m, K, = 2.66 x10-16m 2 ), 15 8.15 x10-rm ~ 81.5nmn. On comparison
with the microscale fiber spacing in the peptide gel matrix, 5 ~ 50 - 100 nm, it is noted
that 5, and t are on the same order of magnitude. However, a detailed analysis of the
velocity profile inside the boundary layer of a porous medium of a simple array of
cylinders found that the Brinkman model was an accurate estimate of shear within a
factor of two as long as C < 0.6 [77]. For the angiogenesis experiments, C is well below
this threshold value, so the shear estimates are assumed to be valid.
4.6. Summary
In summary, a series of models was developed to characterize flow through the
peptide matrix. This analysis is essential for studying flow through the peptide gel and
for quantifying the shear stress acting on endothelial cells seeded in the gel. The
permeability of the peptide was identified an important parameter for flow studies and a
model was developed to estimate the permeability as a function of the volume fraction of
fiber for a given mass concentration of peptide gel. An analysis based on Darcy's law
was implemented to predict the pressure gradient necessary to promote a physiological
rate of flow through the peptide gel and will be used to derive an experimental measure
of the permeability of the peptide gel. Finally, an analytical model was developed to
model the shear force experienced by the endothelial cells seeded in a 3D matrix of
peptide gel based on a 2D model and a 3D model of interstitial flow in a porous fiber
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matrix. The outputs of this analysis will serve as guidelines for selecting the
experimental parameters of angiogenesis studies in the microscale bioreactor.
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5. Experimental Studies & Results
5.1. Introduction
Experimental studies were divided into three sections. The aim of the first set of
experiments was to measure the permeability of the peptide gel. The results were
compared to the theoretical estimates of the permeability in Section 4.2 as well as to the
permeability of other biomaterials (Section 5.2). Next, preliminary experiments to study
the effect of shear stress on angiogenesis in a self-assembling peptide matrix were
conducted in a macroscale bioreactor. The results of these experiments were analyzed
using fluorescent confocal imaging and were compared to results for static studies of
endothelial cells in peptide gels (Section 5.3). Finally, sets of experiments to validate a
microscale bioreactor for studying the effect of shear stress on angiogenesis were carried
out. Experimental protocols were developed to optimize the geometry and dimension of
the peptide channels, the flow of peptide into the device, the imaging of the peptide gel,
and the imaging of endothelial cells in the peptide gel (Section 5.4). The results of these
experiments show promise for using the microscale bioreactor as an in vitro model for 3D
angiogenesis studies with interstitial flow.
5.2. Permeability of Peptide Gel
While the fluid passages through the peptide gel vary in size and length, it is possible
to estimate the average flow velocity through the material. This velocity will be
dependent on the viscosity of the fluid flowing through the gel, the permeability of the
gel, and the pressure gradient across the gel. An experimental system was developed to
measure the permeability of the peptide gel. In conducting the experiments, the pressure
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drop across the gel was held fixed while the volume flow rate was measured over time.
The permeability was calculated based on the analysis presented in section 4.3.
5.2.1. Materials and Methods
For the permeability experiments, flow was driven by a hydrostatic pressure
gradient from an upper reservoir to a lower chamber below the peptide gel. Figure 5.1
depicts the experimental setup. A 6-well cell culture plate (#3516, Corning) with an
evaporation lid was used as the upper reservoir, with multiple outlets connected to the
lower chamber. The lower chamber was a 96-well cell culture plate (#3997, Corning) to
collect media fitted with a 96 well cell culture plate insert to hold the peptide gel samples.
The fluidic connections from the upper to the lower reservoir were made with silicone
tubing (0.078" OD x 0.125" OD), (#60985-716, VWR). The perfusing fluid was selected
to be cell culture medium (Section 2.4.2) because this was the perfusing fluid in the
angiogenesis experiments. It was assumed that all the fluid traveled through the height of
the gel in the insert and was collected in the lower chamber.
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Figure 5.1. Experimental setup for measuring permeability of the peptide gel
A 1% weight RADA16-II peptide solution was prepared in sterile double-distilled
H2 0 (see Section 2.4.1 for procedure), and 20tL aliquots of peptide solution were
pipetted into each cell culture insert. The inserts where then placed in a small bath of
serum-free media for 30 minutes gel the peptide solution. Tubing connectors where then
press-fit in the each insert well, taking care to avoid the introduction of any air bubbles in
the flow lines. The entire flow system was placed in the incubator for the course of the
experiment (37.5 C, 5% C0 2). The volume flow rate through the gel was measured with
a 20tL pipette over a period of 24 hours, every hour for five hours.
5.2.2. Results
Recalling the analysis in Section 4.2, Equation 4.2.3 was used to estimate of the
permeability of the peptide gel:
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KP = Ph(5.1)
where p is the viscosity of the perfusing media, h is the height of the gel, Q is the volume
flow rate measured through the gel, A is the cross section area of the gel, and AP is the
pressure difference. The linear Darcy law (Equation 4.3.1) used to derive Equation 5.1
holds for low Reynolds number flows in which the driving forces are small and balanced
only by the viscous forces. The Reynolds number was calculated using equation 4.2.5
and is listed along with the other parameters for the experiment in Table 5.1. A Reynolds
number - O(10-7) was calculated, which is valid for the assumptions of applying
Equation 5.1.
Table 5.1. Experimental parameters and flow properties for calculating permeability of 1%
RADA16-11 gel
Constants Value
Viscosity media (Pa-s) 0.000068
Density (kg/m3) 998
Experiment Parameters
Pressure (cm H2 0) 11.3
Cross-sectional area of gel (mm 2) 7.75
Height of gel (mm) 1.25
Serum-free 10% serum
Flow Properties media media
Average velocity (um/s) 0.55 0.21
Reynolds number 6.05E-07 2.31E-07
Two sets of experimental data were collected. The goal of the first dataset was to
investigate the permeability difference between two solutes: serum-free media and media
with 10% serum, and the goal of the second set of experiments was to make more
accurate measurements of the volume flow rate for these two solutes. The experimental
results in the first dataset for volume flow rate seemed low and yielded permeability
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values -O(Kp theoretical). In order to obtain a better experimental measure of
permeability, a change in the experimental procedure was motivated. It was observed
that air bubbles were forming in the tubing during the first experiment, which may have
increased the resistance to flow and produced a lower than expected permeability. In
order to eliminate this phenomenon, the media was allowed to equilibrate to the 5% CO 2
conditions in the incubator prior to the experimental setup. While this is not part of the
procedure for the cell culture experiments, it was necessary in order to obtain an accurate
estimate of the permeability. Figures 5.2 and 5.3 are plots of the average permeability
versus time for the two datasets.
Average Permeability of 1% RADA16-II Gel vs. Time
8E-16
7E-16
6E-16 -_
-E- Media 19946 
-: -
Mdi 19
S3E-16 -_-- 1O% FBS
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Figure 5.2. Average permeability of 1% RADA16-II gel vs. time, dataset 1
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Average Permeability of 1% RADA16-II Gel vs. Time
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Figure 5.3. Average permeability of 1% RADA16-II gel vs. time, dataset 2
5.2.3. Discussion
Several observations can be drawn from the data of Figures 5.2 and 5.3,
including: 1) the effect of equilibrated solute on permeability; 2) the difference in
permeability for serum-free and 10% serum media; 3) the initial time dependence of
permeability; and 4) comparison with theoretical estimates of permeability. The
compiled statistical data are listed in Table 5.2. The average initial permeability was
considered an outlier value and was not included in the final calculation of the average
permeability, or rather the "steady-state" permeability.
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Table 5.2. Statistical averages for permeability data of 1% RADA 16-II gel
Dataset 1 Dataset 2
Solute Serum-free 10% serum Serum-free 10% serum
media media media media
Average Initial Permeablity (M2) 7.55E-16 4.12E-16 5.94E-15 3.43E-15
Average Permeablity (m2) 6.1OE-16 2.92E-16 4.62E-15 2.02E-15
Average Permeablity* (m2) 5.73E-16 2.62E-16 4.28E-15 1.60E-15
Stdev* (M2) 9.36E-17 8.09E-17 2.77E-15 9.73E-16
*Does not include KP initial
As hypothesized, the equilibration of the solute at 5% CO 2 resulted in higher
measured values of volume flow rate through the gel. For both the serum-free and the
10% serum media, the calculated permeability is an order of magnitude higher in the
second dataset. Additionally, experimental observation during the collection of dataset 2,
noted no bubbles formed in the flow tubing, which were originally hypothesized to be
blocking flow in the collection of dataset 1. It is therefore recommended that the media
for cell culture experiments in microfluidics, where air bubbles are often a hindrance to
flow, should be equilibrated in the incubator at 5% CO 2 prior to experiments. The
permeability estimates from dataset 2 were used for recalculating the fluid forces in the
peptide gel.
The permeability of the serum-free media is consistently lower than that of the
10% serum media over the entire time period. This is demonstrated by both Figure 5.2
and 5.3, and analysis of dataset two yields K, serum-free - 2.3.Kp 10% serum media. It is
well documented that materials in contact with protein-containing solutions will adsorb
proteins from the bulk solution. The interactions between the proteins and scaffold are
highly complex and the behavior depends strongly on the protein type [74]. Additionally,
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the build-up of proteins on the surface of the gel may result in the formation of a
concentration polarization layer, which would decrease flow through the peptide gel; this
phenomenon has been previously observed in flow through pores partially filled with gel
[81]. While protein-scaffold interactions may explain the discrepancy in permeability,
the results are an important consideration when estimating the parameters for a flow
experiment. As shown in Figure 5.4, a relationship exists between the shear stress on
cells and the permeability of the peptide gel, so in order to account for this phenomena,
the initial pressure gradient may need to be higher to achieve a constant shear during an
experiment.
The initial spike in permeability was observed consistently over repeated flow
experiments. Steady levels of volume flow rate were often observed after approximately
two hours. The implications for the flow through angiogenesis experiments are that the
cells might initially experience a lower shear stress than predicted by the steady state
permeability. Inspection of the data in Table 5.2 reveals that the initial permeability is
approximately a factor of 1.8 times the steady state permeability. In order to develop a
better estimate of the shear stress acting on an endothelial cell in the peptide gel, the
theoretical model developed in Section 4.5 was revisited.
The shear stress was evaluated for the experimental values of permeability in
Table 5.2 (10% serum media, dataset 2). Figure 5.4 is a plot of the average shear stress
on the surface of an endothelial cell (dynes/cm 2), where P, = 11.3 cm H20 and K, initial
= 1.8.Kp steady state.
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Shear Stress on Surface of Endothelial Cell (radius = 1)
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Figure 5.4. Shear stress on surface of an endothelial cell for theoretical and experimental values of
permeability of 1% RADA16-II gel
The plots reveals that the shear levels predicted by the theoretical model are
higher than the actual shear values using the experimental values of Kp. The average and
max values of the shear stress on the surface of an endothelial cell were computed for the
three permeability parameters used to plot Figure 5.4 (Equation 4.5.3) and a comparison
of these values is listed in Table 5.3.
Table 5.3. Comparison of average and max shear stress on surface of an endothelial cell for
theoretical and experimental permeability of 1% RADA16-H gel
Permeability Average Shear Max Shear Stress
______________Stress_ 
_ _ _ _ _ _ _
(m2) (dynes/cm) (dynes/cmi2
Theoretical 2.66E-16 13.3 41.7
Experimental
Initial 2.88E-15 3.9 12.4
Steady State 1.60E-15 5.3 16.7
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The values of permeability for other biomaterials such as collagen are not well
documented in the current literature. This may be attributed to the heterogeneity of the
microstructure of these materials, which makes permeability hard to quantify. This is the
first known quantification of the permeability of the RADA16-II peptide gel. On
comparison with the theoretical result, K, = 2.66 x 10-16 m2 obtained in Section 4.2, K, -
0(10) less than the experimental value (Table 5.2, dataset 2). This result is inline with
the predictions of the theoretical model discussed in Section 4.1. The theoretical model
of permeability is based on a model where all of the peptide molecules are assumed to be
assembled into fibers. The actual volume fraction of peptide fibers may be slightly less
than the volume of peptide molecules predicted by molecular modeling estimates because
not all of the peptide molecules assemble into fibers, resulting in a lower bound on the
permeability. Also, the lack of homogeneity in the peptide gel, due to clumps in the gel
or the fibers binding together into larger bundles, will lead to a larger permeability.
Further studies of flow through the peptide gel will help to refine the permeability
estimate obtained in this experimental study. The average permeability value obtained in
this study for 10% serum media through 1% RADA16-II gel Kp = 1.60 x 10-" m' will be
used as an input parameter for the angiogenesis experiments. For an average
macroscopic velocity of 10 tm/s, the average shear stress on an endothelial cell in a I%
weight peptide scaffold is 5.3 dynes/cm2 . On comparison with the physiological levels of
shear stress reported for the endothelium in vivo [40] this value is on the same order of
magnitude and is comparable to what is experienced in vivo. The model presented in
Section 4.4 can be reverse-engineered to solve the pressure gradient needed to achieve
varying levels shear stress on cells embedded in the peptide gel.
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5.3. Macroscale Bioreactor Experiments
The aim of the second set of experiments was to assess the potential for studying the
effect of shear stress on angiogenesis in the self-assembling peptide gel using a
macroscale bioreactor. The experimental results were processed with two imaging
techniques: fluorescent imaging of samples fixed and stained with an endothelial cell
membrane marker (Section 5.3.2) and confocal imaging of samples stained with a live
cell membrane marker and fixed for imaging (Section 5.3.3). Both sets of experimental
data demonstrate lumen formations under interstitial flow. A protocol was developed for
staining the endothelial cells with a live fluorescent marker, so that observing migration
in 3D would be possible. The culmination of these experiments served as the motivation
for designing a microscale bioreactor that would allow for real time imaging of
angiogenic activity in the peptide scaffold.
5.3.1. Materials and Methods
The macroscale bioreactor was setup according to the protocol outlined in
Sections 2.4 and 2.5. Two macroreactors were setup for each experiment: the negligible
shear control setup (0.3 dynes/cm 2 ) and the physiological shear setup (10 dynes/cm 2).
The cells embedded in the peptide gel were seeded at a density of 5 million cells/mL.
The sample was allowed to gel for 30 minutes in the bioreactor before flowing medium
through the bioreactor. The entire setup and the two pumps were placed in the incubator
with a 9.5 mmHg pressure drop across the peptide gel. Flow through the gel was
monitored over the course of a 72-hour experiment.
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5.3.2. Results: 2D Images
In preparation for imaging the endothelial cells in the peptide gel, the samples
were stained with FITC conjugated isolectin B4 (#FL-1201, Vector Laboratories,
Burlingame, CA). FITC is a universal green fluorescent conjugate, and isolectin B4 is a
sugar that binds to the membrane of endothelial cells and possibly some macrophages,
but it is generally considered a good endothelial marker. Once the peptide scaffold
inserts were removed from the macroreactors, they were placed in a 24 well cell culture
plate and fixed in 2% formaldehyde (VW3239-1, VWR) at room temperature for 1 hour.
The samples were washed with lx PBS, incubated in 0.1% TritonX-100 (LC26280-1,
Fisher Scientific) in I x PBS for 1 hour at room temperature, followed by a second wash
in Ix PBS for 5 minutes. Next, the samples were incubated in blocking buffer (20%
FBS, 0.1% TritonX-100 in lx PBS) for 2 hours at room temperature to prevent non-
specific binding. A concentration of 15 pg/mL of isolectin B4 was prepared in the
blocking buffer, added to the samples, and incubated for 1 hour at room temperature.
The samples were washed four times with I x PBS over a period of 24 hours and stored at
4'C to prevent bacteria growth.
In preparation for imaging, the samples were mounted on a No. I coverslips (#12-545-
88, Fisher Scientific) and treated with a small amount of Dabco, a fluorescence stabilizer
(#112471000, Acros Organics, Belgium). The fluorescent images were taken using a
confocal microscope fitted with a 20x objective (LSM510 META, Carl Ziess
Micromachining Inc.). Figure 5.5 depicts 2D images of the typical endothelial cell
structures observed in the peptide scaffolds in response to physiological levels of
perfusing shear flow.
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Figure 5.5. 2D images of lumen formation in direction of flow
The fluorescent image on the right (Figure 5.5-A) shows two multi-cellular lumen
formations resembling capillaries, which are probably comprised of five or more
endothelial cells. Assuming the cells were initially uniformly distributed in 3D in the
gel, it is postulated that the cells migrated to form the multi-cellular structures. The
fluorescent image on the left (Figure 5.5-B) was taken using a confocal microscope. The
lumens structures in this image demonstrate possible single-cell lumen formations.
Additionally, in the lower left corner of the image, a lumen formation is seen in a layer
below the imaging plane. All of the lumen structures observed in the samples were
formed so that their cross-section is perpendicular, and not parallel, to the flow and were
elongated parallel to the direction of flow.
One drawback of using a fluorescent dye to stain the peptide and endothelial cells
samples after an experiment was that the low permeability of the peptide trapped
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molecules in the gel, creating a high level of background, which is observed in Figure
5.5-A. While one solution for this was refinement of the dye concentration and time,
directly staining the cells with a fluorescent marker that is ingested by the gels before
seeding in the peptide gel, thus staining the interior of the cell, which appeared to be the
most favorable method for reducing the fluorescence background in the peptide samples
(CMFDA, Molecular Probes, Eugene, OR). This is particularly advantageous for
confocal microscopy, where successful 3D image reconstruction requires high image
quality.
5.3.3. Results: 3D Imaging
After initial fluorescent microscopy results appeared promising in terms of lumen
formation, the next step was confocal imaging of the experimental samples. One of the
advantages of confocal microscopy is that stacks of images can be taken through the
height of the sample. This is particularly desirable for studying lumen formation in the
direction of flow.
In preparation for confocal imaging, the samples were removed from the
bioreactors, fixed in 2% formaldehyde, and washed with lx PBS for 1 hour. The samples
were mounted on an optics dish (#0420041500B, Bioptechs), treated with a small amount
of Dabco, and covered with No. 1 coverslips.
Confocal imaging were obtained using a Nikon Eclipse TE2000-E (Nikon
Instruments Inc., Melville, NY) equipped with a Hamamatsu Camera Controller
(Hamamatsu Photonics, Hamamatsu City, Japan), a Mercury 100W lamp (Chiu Technical
Corp, Kings Park, NY), a Sutter Lambda 10-2 Controller (Sutter Instrument Company,
Novato, CA), and an Innova 70C-Spectrum laser (Coherent, Santa Clara, CA). Images
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were captured using OpenLab v3.1.4 (Improvision, Lexington, MA). The FITC/GFP
excitation and emission wavelengths were 488 nm and 528nm. A custom program was
implemented in OpenLab, which directed the confocal microscope camera to take a series
of 3D image stacks (1-2gm step) over the height of the peptide scaffold samples (45 pm
- 100 pm). The stack height was manually input by focusing the objective on the top
and bottom of the sample. The image processing for the 3D reconstruction of confocal
image stacks was done using Imarius v4.0.5 (Bitplane AG, Zurich, Switzerland).
Generally, only contrast adjustment was necessary in order to reduce the background
created by peptide gel.
Maximum intensity projections (MIP) of a control (negligible shear) and an
experimental sample (physiological shear) are shown below in Figure 5.6. The MIP
image projects the maximum intensity through a 3D stack of images onto a 2D plane.
The xy plane is normal to the direction of flow, and the respective xz and yz planes are
parallel to the direction of flow.
Control sample
A
Variable sample
B
Figure 5.6. MIP image of 3D reconstruction of endothelial cells in 1% RADA16-II scaffold
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3D reconstruction allowed panning through the cross-sectional slices of the image
plane, which was particularly useful in identifying that all the lumen structures observed
were formed with there cross-sections perpendicular to flow. When panning through the
samples, no lumen structures oriented parallel to the direction of flow were observed. If
this were the case, the structures would look like a wall that disappeared and re-appeared
in the 3D sections. A cross-sectional view of a typical variable sample is shown in Figure
5.7 at the same magnification and image settings as the variable sample shown in Figure
5.6-B.
Figure 5.7. 3D image reconstruction of endothelial cells in 1% RADA16-II scaffold
114
Figure 5.8. Magnified 3D reconstruction of lumen formation in 1% RADA16-II scaffold
Figure 5.8 is a magnified view of the image in Figure 5.7. The crosshairs are
centered on the middle of the lumen structure on the xy plane. A hollow cylinder is
viewed on the cross-sectional yz and xz plane views. While a DAPI stain here would be
more conclusive, the hollow core is in fact too large to be a nucleus. The diameter of the
structure is approximately 20 pim.
5.3.4. Discussion
The experimental 2D images demonstrate lumen formation and elongation in
response to a physiological interstitial flow, while negligible shear stress samples
demonstrate no lumen formation. Furthermore, the low shear samples show lower cell
density indicating that higher levels of shear increase cells survival and/or proliferation.
Further investigation of lumen formation under shear was quantified using confocal
microscopy and 3D reconstruction of the fluorescent images. The preliminary results of
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this imaging depict both single and multi-cell structures that resemble lumens, which
indicate the possibility of the formation of vessels of different calibers in the peptide gel.
Using live cell markers helped to reduce background in the fluorescent images and
refinement of the cell staining protocol improved the image quality as demonstrated by
Figures 5.7 and 5.8.
As discussed in Section 3.2.1, the surface area of the gel was exposed to a large
shear gradient across the cell culture chamber, which often led to shearing of peptide gel,
as well as the 2D endothelial monolayers that were seeded on the surface of the gel. The
peptide gel thickness in the chamber was also probably non-uniform at the beginning of
an experiment, resulting in an inconsistent channel height, which varied enough to
contribute to the shearing of the peptide gel. Shearing of the gel during an experiment
made it difficult to consistently measure flow through gel and therefore difficult to
predict the fluid forces acting on the endothelial cells seeded in 3D in the peptide.
Therefore, the results presented in this section are inconclusive because the flow rates
through the gel were not consistent and the shear stress values acting on the cells could
not be accurately estimated. It is hypothesized that the peptide gel promotes the
elongation and formation of single and multi cell lumen formations in the direction of
perfusing flow.
5.4. Microreactor Experiments
Following the promising results of the macroreactor experiments, the aim of the final
set of experiments was to validate a microscale bioreactor for studying the effect of shear
stress on angiogenesis. A method for demonstrating a viable peptide gel region for
culturing cells inside the microfluidic channels was developed and refined through a
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series of experimental studies. First, different dimensions and geometries of the peptide
channels, and the effect on gelation were investigated (Section 5.4.2). Second, the gel
forming process was demonstrated using two gel-based biomaterials in the system:
RADA16-I and rat tail type I collagen (Sections 5.4.3 & 5.4.4). Finally, the ability to
track and flow cells and peptide gel in the microfluidic channels was investigated and
optimized for cell culture experiments using two peptide gels: RADA16-II and
RADA 16-I (Section 5.4.5).
5.4.1. Methods and Materials
The microreactor setup outlined in Section 3.7 was followed for all experiments.
The microfluidic channels were primed with 70% ethanol to eliminate air bubbles and to
sterilize the channels. The flow protocol outlined in Section 3.4 for filling the
microfluidic channels was followed: 1) purge all channels with sterile double-distilled
water; 2) pump peptide solution in vertical channels; 3) clear top and bottom horizontal
channels; 4) clear top and bottom vertical channels; 5) introduce saline/media to gel
peptide solution; 6) perfuse all channels with saline/media (Figure 3.4).
5.4.2. Geometric Optimization
The first stages of experimental testing were devoted to optimizing the geometry of
the flow system. Referring to Figure 5.9, several design modifications were considered:
1) the dimension of the peptide channels; 2) the number of peptide channels and stabilizing
posts; 3) the shape of the peptide channels; and 4) the width of the top and bottom
horizontal delivery channels.
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Figure 5.9. Geometry of microfluidic channels
The design of the peptide channels was critical because if the surface area of
peptide gel exposed to flow was too large, the gel may shear under the application of
parallel flow, or if the length to width ratio is not high enough, the gel may not stable
under perfusing flow. Three masks were created in the process of optimizing the channels
of the flow region. The design changes of successive masks were based on several criteria,
including the resistance to flow, the inlet flow velocity, and experimental observations of
gel formation in the device. Tables 5.4, 5.5, and 5.6 document the design and geometric
evolution of the optimal microfluidic flow system.
For the first mask (Table 5.4), the width of the horizontal channels was held fixed
at 100 [tm, but in order to decrease the resistance to flow, the width of the fluid delivery
channels was gradually widened to 200 ptm over the length of the channels (16 mm). Two
shapes of peptide channels were investigated, rectangle-shaped and trapezoid-shaped
channels. The purpose of the trapezoid-shaped channels was to provide additional stability
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to the regions of peptide gel if the rectangular channels failed to hold the peptide gel in
place. For the rectangular peptide channels, flow experiments proved that the 300 [tm
length channels were too short to stabilize the peptide solution for the gelling process.
Therefore, the length of these channels was increased to 500 [rm. Additionally, the optimal
width of the peptide gel regions was found to be between 100-200 [tm wide channels,
separated by 100 [rm posts. The 200[tm wide peptide channels exposed too large a surface
area to parallel flow, which led to washing out of the peptide solution before a gel could
form or shearing of the peptide gel that remained in the channels. The 100 [tm channels
were too small, and any inconsistencies in the peptide solution, such as small gel
formations or clumps became stuck and permanently blocked these channels. These
smaller channels also tended to become blocked with stubborn air bubbles. For the
trapezoidal peptide channels, the same problems with large surface area exposed to flow
(width = 300 um) were encountered. The optimal number of peptide channels and posts
was determined to be 5 peptide channels separated by 4 posts.
Table 5.4. Dimensions and geometry of microfluidic channel design: version 1
stem Horizontal Peptide Channels Posts
Width Length # Geometry Width Length # Geometry Width Length
(um) (um) (um) (um) (um) (um)
1 100 16 5 rectangle 100 300 4 rectangle 125 300
2 100 16 6 rectangle 100 300 5 rectangle 80 300
3 100 16 3 rectangle 200 300 2 rectangle 65 300
4 100 16 5 rectangle 100 500 4 rectangle 125 500
5 100 16 3 trapezoid 300 300 3 trapezoid 50 300
6 100 16 3 trapezoid 300 200 3 trapezoid 50 200
7 100 16 10 rectangle 100 500 8 rectangle 125 500
The second mask (Table 5.5) implemented the design changes discussed for the
first mask, and the optimal width of the peptide channels was set at 125 um.
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Additionally, the entire width of the horizontal channels was widened to 500 [tm. Flow
experiments indicated that the width of the horizontal channels was too large in
comparison to the width of the peptide channels (4:1). During step 2 of the flow protocol,
the horizontal channels would become filled with peptide solution before the peptide
channels were filled. Therefore, it was postulated the optimal width of the horizontal
channels would be between 100-500 Vm. Additionally, during step 3, the flow to clear
the horizontal channels would often flush out the peptide gel in the two outer peptide
channels (Figure 5.9).
Table 5.5. Dimensions and geometry of microfluidic channel design: version 2
System Horizontal Veritcal Peptide Channels Posts
# Width Length Width Length # Geometry Width Length # Geometry Width Length(Um) (mm) (mm) (mm) (um) (um) (Um) (Um)
1 500 11 1 12 5 rectangle 130 500 4 rectangle 95 500
2 500 10 n/a n/a 5 rectangle 130 500 4 rectangle 95 500
3 500 11 1 12 5 rectangle 130 500 4 rectangle 95 500
4 500 10 2 14.5 10 rectangle 130 500 8 rectangle 95 500
5 500 10 1 6 5 rectangle 130 500 4 rectangle 95 500
6 500 11 1 12 5 rectangle 130 500 4 rectangle 95 500
7 500 1 1 1 12 5 rectangle 130 300 4 rectangle 95 300
The final mask (Table 5.6) was a comparison of flow through three different
horizontal channel widths: 100 tm, 250 ltm, and 500 tm. Experiments demonstrated
that the 250 pm channels were the optimal dimensions for delivering saline to gel the
peptide. Additionally, the trapezoid-shaped peptides channels were also re-evaluated at a
smaller width that the channels in the first mask (125[tm vs. 300[tm) proved a viable
geometry for the peptide gel regions.
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Table 5.6. Dimensions and geometry of microfluidic channel design: version 3
System Horizontal Peptide Channels Posts
Width Length Width Length Width Length
# (um) (mm) # Geometry (um) (um) Geometry (um) (um)
I 100 12 5 rectangle 125 500 4 rectangle 100 500
II 250 12 5 rectangle 125 500 4 rectangle 100 500
III 250 12 5 trapezoid 125 500 4 trapezoid 100 500
IV 250 12 5 rectangle 125 500 4 rectangle 100 500
V 500 12 5 trapezoid 125 500 4 trapezoid 100 500
The final dimensions of the
version of Table 3.2
optimal microfluidic channels are listed below in a modified
Table 5.7. Optimized dimensions of cell culture regions and microfluidic channels
Feature Dimension Label Value (um)
Peptide Gel Region wenth c 5
Post width b 100leghC 500
Horizontal channel width d 12000
Vertical channel width e 1000
Height all channels height f 100
5.4.3. Self-Assembling Peptide: Fluorescent Microbeads
Images of the peptide solution with fluorescent microbeads were captured using
video-fluorescent microscope setup. A Zeiss Axiovert 200 (Carl Zeiss Inc., Thornwood,
NY) microscope fitted with a lOx objective was used throughout this study. Images were
taken with a Hitachi CCD video camera (KP-M I A), and the images were digitized with a
Scion LG-3 frame grabber (Scion Corporation, Fredrick, MD) at rate of 30
frames/second. Data was recorded using NIH Image software (NIH, Bethesda, MD).
The flow diagram for filling the microfluidic channels is shown in Figure 5.10
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Figure 5.10. Flow diagram 1 for peptide gel experiments
One modification was made to the flow diagram used for the device validation
(Figure 3.12). A water inlet line was added to the junction with the peptide inlet to clear
the vertical channels. This was motivated by the need to clear the peptide gel channel if
gel was stuck or blocking flow. This line was also connected to a hydrostatic reservoir in
order not to create a pressure gradient across the vertical channel. Figure 5.11 is a series
of video frames from the flow experiments following the diagram depicted in Figure
5.10.
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Figure 5.11. Filling, clearing, and gelling of peptide solution in three microfluidic channels
A: Vertical inlet channel uniform peptide solution. B: Peptide gel region filled. (C, D, E):
Clearing horizontal channels with water. F: Clearing vertical channels with water. G: Saline
promotes gelling of peptide solution. H: Horizontal inlet channel clear. I: Bright field image
of peptide gel in only 3 channels.
The images demonstrate that peptide solution can be tracked in the channels with
fluorescent microbeads (A-F) and the vertical and horizontal channels are cleared (G, H).
However, it is noted that clearing the horizontal channels flushed the peptide gel out of
the two outer most channels, leaving only the three middle channels with peptide gel (F,
G, I). This was attributed to the syringe pumps on the inlet side of the device (Figure
5.10), which often created a pressure gradient across the horizontal channel. In order
solve this problem a modification was made to the flow protocol followed in the Figure
5.10. Two hydrostatic reservoirs were added at the water and PBS inlets. The purpose of
the reservoirs was to replace the syringe pumps for steps 3 and 4 of the flow protocol and
establish an equal pressure at the inlet and outlet of the horizontal channels. The addition
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of the reservoirs on the inlet side of the device eliminated the suction pressure created by
syringe pumps from filling the gel regions to clearing the horizontal channels by means
of hydrostatic pressure to clear the channels. Figure 5.12 details these additions to the
flow diagram.
I K
-II ml syringe
Pump 1
30 ml syringe
30 ml syringe
Pump 2
Figure 5.12. Flow diagram 2 for peptide gel experiments
Figure 5.13 is a series of video frames from the peptide experiments following the
flow diagram depicted in Figure 5.12. The addition of the hydrostatic reservoirs was
successful in eliminating the pressure gradient that was responsible for flushing the
peptide gel out of the channel.
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Figure 5.13. Filling, clearing, and gelling of peptide solution in all five channels
A: Bright field image ethanol-primed channels, note no bubbles. B: Fluorescent image
of channels before peptide solution is introduced. (C, D): Filling of peptide channels.
(E, F): Clearing bottom horizontal and vertical channels together. G: Bottom channels
clear, begin clearing top horizontal and vertical channels. H: Fluorescent image of
peptide gel in all 5 channels after introduction of PBS.
5.4.4. Collagen w/ Fluorescent Beads
Success in forming the peptide gel in the device motivated experiments with type
I collagen, another gel-based biomaterial. Rat tail collagen, Type I was mixed at
concentration of 3mg/mL and brought to a neutral pH according to the manufacturer's
specifications (#354236, Becton Dickinson, Bedford, MA). A 1% solution of 2 pm
fluorescent microbeads was suspended in the collagen. The collagen was stored on ice
and brought room temperature shortly before injecting into the device to promote
polymerization.
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A TE2000-U inverted microscope (Nikon Instruments, Inc., Melville, NY) fitted
with a loX objective (lOX 0.3NA Plan Fluor, DIC-L, Nikon) was used with a mercury
arc lamp (Nikon) for bright field illumination. Images were taken with a camera
(CCD100; DAGE-MTI, Inc., Michigan City, IN) and recorded at 30 frames/seconds,
resolution 768 x 494. The images were digitized with analog signal to a digitizer
converter (Dazzle Digital Video Creator 150; Pinnacle Systems, Inc., Mountain View,
CA) and processed with the accompanying software (Dazzle v5.2.0.9; Pinnacle Systems,
Inc., Mountain View, CA).
The collagen was successfully flowed and gelled in the device. The gel was
exposed to a hydrostatic pressure of 9.5 mmHg for a period 72 hours. The collagen gel
was imaged at the end of this experiment and Figure 5.14 demonstrates the gel matrix
was still viable in the cell culture regions after 72 hours of flow.
Figure 5.14. Collagen gel in microfluidic channels
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5.4.5. Peptide and Cells
RADA16-II and RADA16-I were prepared according to the protocols outlined in
Section 3.7.2 and the cells were stained according to the imaging protocol defined in
3.7.1. The microscope used was a TEDH-100 inverted microscope (Nikon Instruments,
Inc.) fitted with a 20X objective and a mercury lamp (Mercury 100-W, Chiu Tech Corp.).
The microscope was equipped with a Hamamatsu Camera and Controller (Hamamatsu
Photonics), and the images were recorded and processed with Openlab v3.0.3 software
(Improvision Inc.).
The flow protocol followed for these experiments integrated all of the
modifications in the validation experiments. The optimized flow diagram for cell culture
experiments is shown in Figure 5.15.
Peptide solution &
endothelial cells
H 20
Cell culture media
Water & H20 mixture
U Hydrostatic reservoir
Pump 1
30 ml sringe
30 ml syringe
Pump 2
Figure 5.15. Flow diagram of setup of cell culture experiment
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All of the microchannels and tubing were primed with ethanol in a biosafety
hood. The water and media inlets were then attached and the entire device was removed
from hood and secured on the fluorescent microscope stage (Figure 3.11). Channels were
filled with low pH double-distilled sterile water (pH = 5) in order to help prevent early
gelation of peptide solution as it flows into the vertical channel. The low pH water was
adjusted by titration with HCl just before the experimental setup. The syringe pumps
were only used to fill device and hydrostatic reservoirs were used to flush out channels.
The reservoirs were modified syringes that have been fitted with valves and fluidic
connectors (Section 3.6.3). After the horizontal top and bottom channels were cleared of
peptide and cell solution with the low pH water, all the valves were switched to the cell
culture media lines. Media was perfused into the system through the top and bottom
horizontal channels to promote gelation of the peptide solution.
Once the peptide gelled, the top and bottom peptide valves were closed, and the
inlet to the top and bottom horizontal channels was decoupled. The top horizontal
channel line became the media inlet channel and the bottom horizontal channel became
the media outlet channel for media perfusing through the peptide gel. This schematic is
shown in Figure 5.16. In a typical cell culture experiment, media can be re-circulated and
pumped back from the across reservoir to the inlet reservoir to maintain a constant
pressure head. The entire flow system as shown in Figure 5.16 can be placed in the
incubator or on the microscope stage for imaging for the course of an experiment.
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IM Cell culture media
U Hydrostatic reservoir
() Closed valve
Figure 5.16. Flow diagram of media delivery for cell culture experiment
Images of cells and peptide gel were captured using Open Lab version 9.0
(Improvision). Figure 5.17 has been reconstructed from a series of snaps of a single
peptide gel channel. On the left, Figure 5.17-A is a bright field image of the cells in the
gels, and on the right, Figure 5.17-B is a fluorescent image of the membrane-labeled
endothelial cells.
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Figure 5.17. Image of endothelial cells in peptide gel channel
5.5. Discussion
An experimental study of the permeability of the 1% RADA16-II peptide gel using
10% serum cell culture media as the perfusing fluid yielded K, = 1.60 x 10-" m'. A
revised estimate of the shear stress predicted by the experimentally derived permeability
was calculated; for a 1% RADA16-II peptide gel scaffold, the average shear stress on an
embedded endothelial cell is 5.3 dynes/cm2
Imaging of peptide scaffolds from the macroscale system demonstrate endothelial cell
lumen formation in the direction of interstitial flow in response to physiological levels of
shear stress ~ 10 dynes/cm 2, while negligible shear control samples demonstrate no
lumen formation and lower cell density. However, the variables of this experimental
model, such as heterogeneities in the peptide gel led to non-constant flow rate and
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permeability, which made it hard to experimentally quantify the level of fluid force
exerted on cells in the peptide scaffold.
A microscale bioreactor was validated for studying 3D cell behavior in a peptide
matrix. Experimental protocols were developed to optimize the geometry and shape of
the peptide channels, the flow of peptide into the device, imaging of the peptide gel, and
imaging of endothelial cells in the peptide gel. The microreactor will allow for more
precise control of the flow properties over small rectangular regions (100 pm x 125 pm x
500 jim) of peptide gel scaffold. In addition to rectangular-shaped peptide channels, flow
experiments with trapezoid-shaped channels were also promising.
The successful flowing of peptide solution into the device and gelling of the peptide
solution was achieved by using hydrostatic pressure to clear the channels and to introduce
a saline/media solution. Syringe pumps were only used to fill the microfluidic channels
before introducing peptide solution. Improvements in the preparation of the peptide
solution from RADA16-II powder, such as sonication and bulk preparation significantly
improved the consistency of the peptide gel as well as reduced the heterogeneities and
clumps of gel that were observed in early experiments. Experiments with the RADA 16-I
peptide (Puramatrix), which was supplied in a stock solution and didn't require extensive
sonication were also successful in the device. Valves were implemented to control flow
through the device and to switch from water to media fluidic lines for the cell culture
experiments.
Imaging of the peptide gel in the device was achieved using fluorescent-tagged
microbeads, and imaging of the endothelial cells in the peptide gel was accomplished
using a fluorescent membrane marker. The improvements in endothelial cell marking
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will allow for real time imaging of cells in the device. The results of these experiments
show promise for using the microscale bioreactor as an optimal in vitro model for 3D
angiogenesis studies in response to shear stress.
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6. Recommendations
6.1. Design of In Vitro Cell Culture Devices
Advances in the fabrication of microfluidic devices present many opportunities for
improving in vitro models for cell culture. Further developments in microfluidic
applications for cell culture will integrate micropatterning, polymeric valves, and layering
networks of channels. Incorporating cellular micropatterning techniques into flow
systems can allow for custom designed cell culture areas [82]. This technique can be
incorporated into the angiogenesis experiments to engineer patterned areas, which could
organize co-culture conditions of endothelial cells and smooth muscle cells in a 3D
scaffold. Polymeric valves can be incorporated into the microchannels allow for a more
controlled delivery of biological nutrients or growth factors to cells, whereas traditional
macroscale valves have a volume displacement -150 ptL when opened or closed.
6.2. Design of Self-Assembling Peptide Gel Scaffolds
6.2.1. Permeability
The permeability of the peptide gel in this study was only experimentally derived
for one peptide gel mass concentration of interest in the angiogenesis experiments.
Further experiments to measure the permeability of the peptide gel at various mass
concentrations can be used to validate the theoretical model of permeability presented in
this thesis. Additionally, another possible future experiment to further characterize the
permeability of the peptide gel would be a protein absorption assay. A protein assay
would aid in decoupling the permeability of the peptide gel from the rate of protein
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absorption and the volume fraction of fibers in cell culture experiments where the
perfusing fluid contains proteins. In addition to the proteins contained in the serum in the
cell culture medium, it would also be advantageous to investigate the protein absorption
of angiogenic factors, such as VEGF and bFGF. If the peptide gel is able bind these
factors at a higher volume than traditional matrices, such as collagen and fibrin gels, this
would be an important metric for describing angiogenic activity in the peptide scaffold.
Like the permeability, the absorption of proteins will be dependent on the volume
fraction of fibers in the gel; the higher the volume fraction, the more surface area for
proteins to bind. The significance of permeability will increase as more cell culture
models move from static to dynamic cultures, where modeling of fluid forces plays an
important role.
6.2.2. Stiffness
Studies have shown that endothelial cells are mechanically sensitive and use
biomechanical tension to regulate network formation [83]. Preliminary studies suggest
that a more compliant peptide matrix could facilitate mechanical communication between
cells and promote angiogenesis (A. 1.1, Figure A. 1.5). One hypothesis is that the
decreasing the stiffness of the peptide matrix enhances the ability of the cells to deform
the matrix and therefore increases their ability to migrate and form networks. Current
studies are underway to characterize the mechanical stiffness of RADA16-I and
RADA16-II gel using rheometry and single filament microscopy [84]. The preliminary
data shows increasing mass concentration increases the stiffness of the gel, however, the
addition of cross-linkers, such as Strepavidan, also offers the potential to increase the
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stiffness of the peptide matrix. A stiffer peptide gel would also have advantageous
applications for microfluidic studies with the gel.
6.3. Theoretical and Experimental Modeling of Angiogenesis
Mathematical models for characterizing angiogenesis are still being developed [85,
86]. These models take into account a wide range of parameters, such as endothelial cell
density, angiogenic factors, proteolytic enzymes, and the properties of the ECM. The
vast range of factors involved in the process makes this approach rather unwieldly, and
models often focus on a particular physiological process, such wound healing or tumor
angiogenesis [85, 86]. A need exists for model to describe 3D migration and network
formation of endothelial cells in a polymeric scaffold.
Experimental methods for characterizing network formation are also in development
and these techniques include measuring endothelial cell behavior such as morphology,
orientation, and alignment, and cell expression using antibody staining and fluorescence
microscopy. Quantitative measurements of network structures can be taken to determine
the average capillary length. In addition to geometric measurements, the orientation of
fluorescent marked endothelial cells in the macroscale bioreactor experiments proved it is
possible to distinguish if the endothelial cell lumen formations align with surface flow or
with interstitial flow.
Imaging processing will be another powerful tool in acquiring data on endothelial cell
behavior, and 3D image reconstruction of the endothelial structures will be a strong tool
for compiling quantitative results and for visualizing capillary formation in both in vivo
and in vitro cultures. Live cell microscopy assays that use cell markers, such as the ones
used in marking the endothelial cells in the angiogenesis experiments allow for real time
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imaging. Other imaging technologies, such as scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) can be used to measure the extent of matrix
deformation by endothelial cells in the angiogenic process. These parameters will be
important in the formation of theoretical models of migration and network formation in a
3D construct.
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7. Conclusions
7.1. Summary of Work
A novel microfluidic device was designed to study angiogenesis in a self-
assembling peptide hydrogel. The device design was motivated by preliminary results of
angiogenic behavior of endothelial cells seeded in 3D in the peptide. The device can
apply a controlled shear rate to the endothelial cells, and a theoretical model was
developed to quantify the average shear stress on the surface of an endothelial cell seeded
in 3D in the peptide gel. The experimental setup incorporated optimization of cell culture
and peptide gelling techniques, flow control instrumentation, and fluorescence confocal
microscopy.
7.2. Results
In the course of this thesis, analytical models were developed to estimate the
permeability of the peptide gel, to model the perfusing flow through the peptide gel, and
to quantify the resultant shear stress acting on the surface of the endothelial cell in the
peptide gel.
An experimental estimate of the permeability of the peptide gel was calculated by
using a hydrostatic pressure gradient to induce low Reynolds number flow of cell culture
media through the peptide gel. Several interesting phenomemena were noted: 1)
equilibrated solute @ 5% CO 2 prior to flow experiments increases permeability; 2) the
permeability for serum-free media is higher than that of 10% serum media (K serum-free
~ 2.3-K, 10% serum media); 3) an initial time dependence of permeability for times less
than 2 hours; and 4) the theoretical estimate of permeability, Kp = 2.66 x 10-16 m2 0 (10)
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less than the experimentally calculated permeability. The average permeability value
obtained in this study for 10% serum media through 1% RADA16-II gel K = 1.60 x 101
m2 was recommended as an input parameter for the angiogenesis experiments, where the
average shear stress on an endothelial cell embedded in 3D was estimated to be 5.3
dynes/cm2.
Experimental results in a macroscale system with the self-assembling peptide
matrix demonstrate endothelial cell lumen formation and elongation in the direction of
interstitial flow in response to physiological levels of shear stress - 10 dynes/cm2.
Furthermore, the low shear samples show lower cell density indicating that higher levels
of shear increase cells survival and/or proliferation. Further investigation of lumen
formation under shear was quantified using confocal microscopy and 3D reconstruction
of the fluorescent images. The preliminary results of this imaging depict both single and
multi-cell structures that resemble lumens, which indicate the possibility of the formation
of vessels of different calibers in the peptide gel. Using live cell markers helped to
reduce background in the fluorescent images and refinement of the cell staining protocol
improved the image quality. Shearing of the gel during an experiment made it difficult
to consistently measure flow through gel and therefore difficult to predict the fluid forces
acting on the endothelial cells seeded in 3D in the peptide. Therefore, the results
presented in this experiment are inconclusive because the flow rates through the gel were
not consistent and the shear stress values acting on the cells could not be accurately
estimated. It is hypothesized that the peptide gel promotes the elongation and formation
of single and multi cell lumen formations in the direction of perfusing flow.
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A microscale bioreactor was validated for studying 3D cell behavior in a peptide
matrix. Experimental protocols were developed to optimize the geometry and shape of
the peptide channels, the flow of peptide into the device, imaging of the peptide gel, and
imaging of endothelial cells in the peptide gel. The microreactor will allow for more
precise control of the flow properties over small rectangular regions (100 pm x 125 pm x
500 pm) of peptide gel scaffold. The successful flowing of peptide solution into the
device and gelling of the peptide solution was achieved by using hydrostatic pressure to
clear the channels and to introduce a saline/media solution. Improvements in the
preparation of the peptide solution from powder, such as sonication and bulk preparation
significantly improved the consistency of the peptide gel as well as reduced the
heterogeneities of gel that were observed in early experiments. Imaging of the peptide
gel in the device was achieved using fluorescent-tagged microbeads, and imaging of the
endothelial cells in the peptide gel was accomplished using a fluorescent membrane
marker. The improvements in endothelial cell marking will allow for real time imaging
of cells in the device. The results of gel forming experiments with peptide and collagen
gels in the microreactor show promising scaffolds for regions of 3D cell culture under
flow. The results of these experiments show promise for using the microscale bioreactor
as an optimal in vitro model for 3D angiogenesis studies in response to shear stress.
7.3. Recommendations for Future Work
The novel aspect of this study is the incorporation of new technologies in
biological scaffold development, microfabrication technologies, and cellular imaging
techniques. Continued integration of novel technologies to produce cell culture devices
will help to better replicate the in vivo environment. In conclusion, the oligopeptide gel
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culture system is promising for future use in in vitro studies of angiogenesis. Further
optimization of theoretical and experimental models with this material will improve our
understanding of the process of angiogenesis.
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Appendix
A.1. Preliminary Data Endothelial Cell 2D Cultures in Peptide Gel
Figure A.1.1. Peptide gel promotes
proliferation and limits apoptosis.
BrdU staining of endothelial cells
cultured for 8 days on the peptide
gel show active proliferaton (A), in
contrast to the limited proliferation
of a confluent monolayer of control
cells grown on gelatin-coated
membrane (C). E: TUNEL
assay of endothelial cells cultured
on the peptide gel shows no
significant apoptosis. B,D,F: DAPI
nuclear staining of the same areas
as seen on A, C, and E, respectively.
Figure A.1.2. Peptide gel promotes cell survival in 3D-embedding, collagen I gel causes widespread
apoptosis.
A: TUNEL assay. B: same sample, DAPI staining. Both (A) and (B)
show cells grown in peptide gel for 8 days. C: TUNEL+DAPI staining
on cells grown in collagen I gel for only 3 days.
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Figure A.1.3. Peptide gel promotes lumen formation.
H & E staining. Cells cultured in peptide gel for 10 days in 10%
serum with no additional growth factors. A: Surface-seeded cells.
Histological slice perpendicular to gel surface. B: 3D-embedded
cells.
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Figure A.1.4. Peptide gel enhances VEGF expression.
RNAse protection assay (Pharmingen) results for VEGF, AngI,
Tie2, and Flk- 1 in the peptide gel and in collagen gel. The amounts
of gene expressed are normalized with expression of L32 (a
housekeeping gene).
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Figure A.1.5. Endothelial cell networks form more quickly on more compliant gel.
Endothelial cell actin cytoskeleton were stained with actin antibody from Roche(red) and
cell nuclei were stained with DAPI (blue). A,B,C: Cells cultured on 1% peptide gel.
D,E,F: Cells cultured on 2% gel. (A,D) are after 3 hours of cell culture, (B,E) are after
6 hours, and (C,F) are after 9 hours. The 1 % gel exhibits more extensive early
network formation than the 2% gel.
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A.2. Endothelial Cell Viability in pH-Adjusted Media
Cell Viability in pH-Adjusted Media
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Figure A.2.1. Endothelial cell viability in pH-adjusted media vs. time
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A.3. Machine Drawings of Microreactor Platform Design
Figure A.3.1. Microreactor platform base
-- -- ---
2.00 0.J5
S 4
I dI -
-CM2 -. OW TmM IbUOFr I
Figure A.3.2. Top & bottom valve mounts for vertical channel
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Figure A.3.3. Inlet valve mount horizontal channels
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Figure A.3.4. Outlet valve mount horizontal channels
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